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ABSTRACT 
This  r e p o r t  summarizes s e v e r a l  y e a r s  of Lake Michigan modeling e f f o r t s ,  
w i t h  emphasis on r e c e n t ,  p rev ious ly  unpublished r e s u l t s  and t h e i r  implica- 
t i o n s  f o r  t h e  p re se rva t ion  and improvement of nearshore  water  q u a l i t y .  These 
e f f o r t s ,  i nc lud ing  t h e  development of p r a c t i c a l  techniques f o r  s imu la t i ng  
l a rge - sca l e  c i r c u l a t i o n  and d i spe r s ion ,  have i l l umina t ed  some remaining tech- 
n i c a l  problems and suggested ways f o r  e f f e c t i v e l y  modeling h igh ly  p o l l u t e d  
r eg ions  l i k e  t h e  Chicago-Calumet Harbor s h o r e l i n e .  
The use  of hydrodynamic models i n  Grea t  Lakes water -qua l i ty  a p p l i c a t i o n s  
is  b r i e f l y  d i scussed ,  w i t h  s p e c i a l  emphasis on p o l l u t a n t - t r a n s p o r t  models and 
t h e i r  u se  i n  s t u d i e s  of t h e  f a t e  of e f f l u e n t s  d i scharged  nea r  sho re  i n  a r e a s  
such a s  Calumet Harbor. 
Prev ious ly  r epo r t ed  Illinois-WRC-funded l a k e  modeling e f f o r t s  a t  U I C C  
a r e  reviewed. Computer g r aph ic s  c a p a b i l i t i e s  developed f o r  e f f e c t i v e l y  
d i s p l a y i n g  model r e s u l t s  and obse rva t ions  a r e  descr ibed .  
An adap ta t i on  of t h e  Simons three-dimensional c u r r e n t  model f o r  Lake 
Michigan po l lu t an t -d i spe r s ion  s t u d i e s  i s  presen ted ;  t h e  o r i g i n a l  model was 
v e r i f i e d  ex t ens ive ly  f o r  Lake Ontar io  dur ing  t h e  IFYGL e f f o r t .  Typica l  
r e s u l t s  from t h e  Lake Michigan ve r s ion  a r e  presen ted  t o  demonstrate  i t s  
e x c e l l e n t  c a p a b i l i t i e s  f o r  t r e a t i n g  a  wide range of l a rge - sca l e  phenomena. 
A r a t i o n a l e  i s  developed f o r  t h e  u se  of l o c a l  ep isode  s imu la t i ons  a s  
a  means of overcoming some d i f f i c u l t i e s  i n  ob t a in ing  s u f f i c i e n t  d a t a  f o r  
c a l i b r a t i o n  and v e r i f i c a t i o n  of whole-lake models. Then, fo l lowing  s h o r t  
d e s c r i p t i o n s  of t he  Calumet Harbor r eg ion  of Lake Michigan a s  a  p o l l u t a n t  
source  and of t h e  Chicago Department of Wa,ter and Sewers i n t a k e  water- 
q u a l i t y  d a t a  f o r  t h e  Chicago sho re l i ne ,  an a p p l i c a t i o n  of a  s imple  model 
t o  some observed "bad-water" ep isodes  i s  presen ted .  Comparison of observa- 
t i o n s  and model r e s u l t s  sugges ts  t h a t  t h e  onse t  of some pe r iods  of extreme 
p o l l u t i o n  i s  governed by wind-driven t r a n s p o r t .  Such comparison a l s o  i nd i -  
c a t e s  t h a t ,  under sou the r ly  wind cond i t i ons ,  h igh  p o l l u t a n t  l e v e l s  a r e  o f t e n  
observed a t  t h e  68th S t .  Crib w i t h i n  20-40 hours  fo l lowing  a  heavy r a i n  a t  
Calumet Harbor. The l i m i t a t i o n s  of us ing  a  pure ly  hydrodynamic model t o  
t r e a t  b i o r e a c t i v e  contaminants a r e  shown, and improvements i n  r e s o l u t i o n  
r equ i r ed  i n  f u t u r e ,  more a c c u r a t e  ep isode  models a r e  es t imated .  The use  of 
models i n  ana lyz ing  complicated bad-water episodes i s  b r i e f l y  i n v e s t i g a t e d .  
A number of conclusions a r e  drawn regard ing  t h e  d i r e c t i o n s  i n  which 
f u t u r e  nearshore  r e sea rch  e f f o r t s  might p r o f i t a b l y  proceed. 
Appendices d e s c r i b e  some of t h e  f e a t u r e s  d e s i r a b l e  i n  a n  advanced 
n e a r s h o r e  model and p r e s e n t  a n  e v a l u a t i o n  o f  s e v e r a l  e x i s t i n g  t h r e e -  
d imens iona l  models'  p o t e n t i a l s  f o r  n e a r s h o r e  a p p l i c a t i o n s .  
Based upon t h e  p r e l i m i n a r y  e p i s o d e  s i m u l a t i o n s  performed, and upon 
t h e  e v a l u a t i o n  of t h e  " s t a t e  of t h e  art" i n  Appendix B, a  p rocedure  i s  
sugges ted  f o r  deve lop ing  a  u s e f u l  mul t ip le -g r id - spac ing  v e r s i o n  of t h e  
Simons model. 
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Ra t iona l e  f o r  Simulat ion Models of t h e  Grea t  Lakes 
P re se rva t ion  and improvement of Grea t  Lakes water  q u a l i t y  a r e  v i t a l  t o  
m i l l i o n s  dependent upon t h e s e  l a k e s  f o r  d r ink ing  water ,  commercial sh ipp ing ,  
and r e c r e a t i o n a l  o p p o r t u n i t i e s .  I n  t h e  f u t u r e ,  i n c r e a s i n g l y  complex water- 
q u a l i t y  management e f f o r t s  w i l l  r e q u i r e  d e t a i l e d  knowledge of t h e  many con- 
sequences of e x i s t i n g  and proposed e f f l u e n t  d i s cha rges  and s h o r e l i n e  develop- 
ment. This  knowledge w i l l  be  d i f f i c u l t  t o  o b t a i n  through d i r e c t  observa t ion  
a lone ,  f o r  such l a r g e  systems as t h e  Grea t  Lakes; s imu la t i on  models, once 
v e r i f i e d ,  w i l l  be  a b l e  t o  c o n t r i b u t e  much i n s i g h t  i n t o  important  l imnologica l  
p rocesses .  
Hydrodynamic models a r e  a l r e a d y  i n  r e g u l a r  u se  f o r  p r a c t i c a l  appl ica-  
t i o n s .  Models (e .g . ,  Paskausky and Murphy 1973, Haq, Lick, and Sheng 1974, 
Simons 1973b) can e f f e c t i v e l y  p r e d i c t  s h o r e l i n e  f l ood ing  caused by storm 
surges .  With t h e  a d d i t i o n  of f a i r l y  s imple t r a n s p o r t ,  decay, and sediment- 
i n t e r a c t i o n  mechanisms, such models can p r e d i c t  l a rge - sca l e  motions of con- 
s e r v a t i v e  (e .g . ,  Lam and Simons 1974) and non-conservative (e .g . ,  Lam, 
J aque t ,  and Burns 1975) p o l l u t a n t s .  
I n  important  c o a s t a l  boundary r eg ions ,  models have been used t o  p r e d i c t  
t h e  behavior  of heated d i scharges  from power p l a n t s  (e .g . ,  Paddock, e t  a1 
1973) and ( q u a l i t a t i v e l y )  t h e  e f f e c t s  of proposed changes i n  s h o r e l i n e  (e.g. ,  
Lick, Paul ,  and Sheng 1975); some thermal  plume s imu la t i ons  have been v e r i -  
f i e d  t o  a  l i m i t e d  e x t e n t .  
B io log ica l  models f o r  l a r g e  l a k e s ,  s t i l l  i n  an  e a r l y  s t a g e  of develop- 
ment, o f t e n  show important  c h a r a c t e r i s t i c s  of obse rva t ions  (e .g . ,  Thomann, 
e t  a 1  1974); t h e  needed improvement i n  t h e s e  models seems more dependent 
upon t h e  a c q u i s i t i o n  of s u f f i c i e n t  d a t a  f o r  l a rge - sca l e  v e r i f i c a t i o n  than 
upon improvements . in  mathemat ical  t e chn iques .  
A model which can b e  shown t o  r e p r e s e n t  impor tan t  observed ep i sodes  
e f f e c t i v e l y  w i t h  a c o n s i s t e n t  t r e a tmen t  of paramete rs  can  be u s e f u l  i n  pre-  
d i c t i n g  f u t u r e  ep i sodes  of i n t e r e s t ,  a t  l e a s t  q u a l i t a t i v e l y .  A r e a l i s t i c  
model can " f i l l  i n "  gaps  between measured d a t a  p o i n t s  much more e f f e c t i v e l y  
than  less mechan i s t i c  i n t e r p o l a t i o n  and e x t r a p o l a t i o n  schemes, t hus  d i sp l ay -  
i n g  unde r ly ing  phenomena more c l e a r l y .  
Fu tu r e ,  more advanced models, a s  are now under development, w i l l  pro- 
v i d e  much more in format ion  t han  t hose  p r e s e n t l y  a v a i l a b l e ,  e s p e c i a l l y  i n  
t h e  nea r s ho re  zones where man's a c t i v i t i e s  have t h e i r  f i r s t  and g r e a t e s t  
impact . 
Development of P o l l u t a n t  Dispers ion  Models 
Because r e g u l a t i o n  of e f f l u e n t  d i s c h a r g e s  must be  based upon under- 
s t a n d i n g  of t h e i r  environmental  consequences,  s t u d i e s  of t h e  d i s p e r s i o n  of 
p o l l u t a n t s  n e a r  t h e i r  sources  can have g r e a t  p r a c t i c a l  v a l u e .  The e f f e c -  
t i v e n e s s  of d i s p e r s i o n  i n  qu i ck ly  reduc ing  c o n c e n t r a t i o n s  n e a r  o u t f a l l s  
can  va ry  g r e a t l y  w i t h  changing weather  c o n d i t i o n s  (Schwab and Katz 1974, 
1975a, b y  Katz and Schwab 1975, Murthy 1972) .  It seems d e s i r a b l e ,  t he r e -  
f o r e ,  t o  s t u d y  "wors.t cases"  of p o l l u t a n t  bu i ldup  (Schwab and Katz 1974, 
Katz and Schwab 1975).  Regular  obse rva t i ons  of a c t u a l  n e a r - f i e l d  d i s p e r -  
, s i o n ,  e spec i i l l y  du r ing  s torms when d i s cha rge  l e v e l s  might be  expected t o  
. 
i n c r e a s e  d r a m a t i c a l l y ,  would r e q u i r e  major ,  i n t e n s i v e  r e s e a r c h  e f f o r t s .  
The u s e  of v e r i f i e d  numerical  models f o r  c u r r e n t s  and t h e i r  a s s o c i a t e d  
d i s p e r s i o n  t o  s i m u l a t e  h y p o t h e t i c a l  c a s e s  o f f e r s  an  a t t r a c t i v e  a l t e r n a t i v e  
f o r  ga in ing  i n s i g h t  i n t o  t h e  immediate f a t e  of m a t e r i a l s  d i scharged  n e a r  
sho re .  
I n  a d d i t i o n ,  d e t a i l e d  nea r sho re  d i s p e r s i o n  models can add cons ide r ab l e  
realism to chemical and biological water-quality simulations (e.g., Canale, 
et a1 1973, Bierman 1975, Canale and Green 1972, Chen and Orlob 1972, Park, 
et a1 1974) by treating large transient inputs which might be "missed" by 
using only average discharge values. Preliminary studies to be presented 
here indicate that, while conservative-pollutant models cannot realistically 
treat many important non-conservative materials, hydrodynamic dispersion 
mechanisms must be included in any spatially-detailed ecosystem models. One 
possible scheme for lake ecosystem modeling is shown in Figure 1; in this 
scheme, a wind-driven circulation model "drives" a purely hydrodynamic pol- 
lutant transport model which, in turn, drives and is driven by "local" bio- 
logical models (with horizontal mixing assumed in each local region) for 
each area of special interest. Hydrodynamic transport models, then, may be 
thought of as necessary building blocks for broader water-quality simulations 
(Thomann, et a1 1974). 
Considerable insight can be obtained, also, by treating non-conservative 
substances as conservative for sufficiently short periods (about 1-3 days for 
MI3 - N  and coliform in Lake Michigan). 
Since pollutant dispersion is dependent upon currents, but not vice 
versa, most dispersion models are based on circulation models. A wide range 
of useful circulation models have been developed, with widely varying degrees 
of complexity corresponding to the needs of specific practical applications. 
The simplest circulation models (e.g., Reid and Bodine 1968, Leendertse 
1970, Allender and Green 1975, Connor and Wang 1973) assume complete vertical 
mixing and compute only vertically-integrated water transports and surface 
motions; at best, such models would be useful in coarse-resolution ecosystem 
models of unstratified lakes (e.g., Lake Michigan in winter and spring). 
Such models can, however, predict water levels and total integrated trans- 
ports economically (e.g., Paskausky and Murphy 1973). For simulations 

r e q u i r i n g  v e r t i c a l  r e s o l u t i o n  of c i r c u l a t i o n s  (e .g . ,  Lake Michigan i n  summer), 
some form of three-dimensional  model i s  n e c e s s a r y .  
The s i m p l e s t  models f o r  s t r a t i f i e d  summer f l o w s  c o n s i d e r  two homogeneous 
l a y e r s  s e p a r a t e d  by a n  impermeable, movable the rmocl ine  (e.g. ,  Lee and 
L i g g e t t  1970, Gedney, e t  a1 1972, Kiz lauskas  and Katz 1973, 1974) .  I n  such  
models, v e r t i c a l l y - i n t e g r a t e d  t r a n s p o r t s  are de te rmined  s e p a r a t e l y  f o r  t h e  
e p i l i m n i o n  and hypolimnion; no material exchange between l a y e r s  i s  a l lowed .  
The Kizlauskas-Katz 2- layer  f i n i t e - d i f f e r e n c e  model was used f o r  some of  t h e  
e p i s o d e  s i m u l a t i o n s  t o  fo l low;  i ts  d e t a i l s  are g i v e n  i n  r e f e r e n c e s  (Kiz lauskas  
and Katz  1973, 1974) .  Two-layer sea led- the rmocl ine  models c o u l d  p robab ly  b e  
used e f f e c t i v e l y  i n  s i m u l a t i n g  t r a n s p o r t  p r o c e s s e s  i n  open l a k e  w a t e r s ;  
' g r e a t e r  r e s o l u t i o n  is r e q u i r e d  t o  treat n e a r s h o r e  p r o c e s s e s  a c c u r a t e l y .  
Where g r e a t e r  v e r t i c a l  r e s o l u t i o n  is r e q u i r e d ,  a model hav ing  more t h a n  
two l a y e r s  o r  l e v e l s  s e p a r a t e d  by f i x e d ,  permeable  i n t e r f a c e s  (e .g . ,  Simons 
1972, 1973a,  1974, Benne t t  1974b, L e e n d e r t s e ,  e t  a1 1973, L ick ,  P a u l ,  and 
Sheng 1975) may b e  employed. Such models a l l o w  t h e  computat ion of h o r i z o n t a l  
v e l o c i t i e s  a t  d i f f e r e n t  d e p t h s ,  v e r t i c a l  v e l o c i t i e s ,  and th ree -d imens iona l  
t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  u s e  i n  t r e a t i n g  b a r o c l i n i c  components of c i r c u -  
l a t i o n .  The Simons model, developed f o r  u s e  w i t h  d a t a  from t h e  I n t e r n a t i o n a l  
F i e l d  Year f o r  t h e  Great Lakes (IFYGL), h a s  been compared e x t e n s i v e l y  w i t h  
o b s e r v a t i o n s ;  t h i s  model h a s  been adap ted  t o  Lake Michigan and a p o l l u t a n t -  
d i s p e r s i o n  mechanism added, as w i l l  be  d e s c r i b e d  i n  a later  s e c t i o n .  Those 
f e a t u r e s  d e s i r a b l e  i n  a three-dimensional  c i r c u l a t i o n  model t o  b e  used f o r  
f u t u r e  mul t ip le -g r id - spac ing  n e a r s h o r e  a p p l i c a t i o n s  are d e s c r i b e d  i n  d e t a i l  
i n  Appendix A; s e v e r a l  e x i s t i n g  "s ta te -o f - the -a r t "  models are d i s c u s s e d  
b r i e f l y  i n  Appendix B. 
P o l l u t a n t - d i s p e r s i o n  models based upon c i r c u l a t i o n s  g e n e r a t e d  by e x i s t -  
i n g  models have  been developed f o r  many areas of i n t e r e s t ,  such as Lake E r i e  
(Lam and Simons 1974, Lam, J aque t ,  and Burns 1975, Lick, Paul ,  and Sheng 
1975, Sheng and Lick 1975),  Lake Michigan (Schwab and Katz 1974, Katz and 
Schwab 1975),  and Saginaw Bay (Richardson 1974, 1975) .  
I n  gene ra l ,  then,  whole-lake c i r c u l a t i o n  and t r a n s p o r t  models a r e  
f a i r l y  w e l l  developed f o r  l a rge - sca l e  phenomena. Models f o r  flows and 
d i s p e r s i o n  i n  s t reams and e s t u a r i e s  a r e  a l s o  w e l l  developed (e .g . ,  Boericke 
and H a l l  1974, Loziuk, e t  a 1  1972). I n  terms of hydrodynamic model develop- 
ment, t h e  g r e a t e s t  p r e sen t  need i s  f o r  nearshore  models which could t r e a t  
t h e  t r a n s f e r  of p o l l u t a n t s  from r i v e r s ,  s t reams,  ha rbo r s ,  and i n d u s t r i a l  
o u t f a l l s  t o  c o a s t a l  r eg ions  and open l a k e  wa te r s .  V e r i f i c a t i o n  of t he se  
models would n e c e s s a r i l y  r e q u i r e  t h e  a c q u i s i t i o n  of l a r g e  amounts of obser- 
v a t i o n a l  d a t a  f o r  l i m i t e d  reg ions  of major importance, such a s  t h e  Calumet 
Harbor-Chicago s h o r e l i n e  a r e a  of Lake Michigan. Frequent  measurements of 
t r a n s i e n t  e f f e c t s  would be  e s p e c i a l l y  u s e f u l .  
The next  major s e c t i o n  p r e s e n t s  a  b r i e f  review of prev ious ly  r e p o r t e d  
I l l i n o i s  WRC-funded c i r c u l a t i o n  and d i s p e r s i o n  modeling e f f o r t s  a t  U I C C  and 
an i n t r o d u c t i o n  t o  t h e  new m a t e r i a l  t o  b e  descr ibed  i n  l a t e r  s e c t i o n s .  This  
s e c t i o n  a l s o  i nc ludes  a  d e s c r i p t i o n  of t h e  computer g r aph ic s  c a p a b i l i t i e s  
developed f o r  d i sp l ay ing  model r e s u l t s  and obse rva t ions  e f f e c t i v e l y .  
WRC-FUNDED LAKE MODELING EFFORTS AT UICC 
Development of a Two-Dimensional Circulation Model 
The Kizlauskas-Katz circulation model (Kizlauskas and Katz 1973, 1974, 
Katz and Schwab 1975) was developed as an efficient means of simulating 
large-scale wind-driven motions in Lake Michigan under strongly stratified 
or unstratified conditions. The model has a free surface at the air-water 
interface and includes the effects of rotation, bottom friction, and real- 
istic bottom topography. Under unstratified conditions, the model has one 
layer in which vertically-integrated water transports are computed. Strati- 
fication is simulated by computing integrated transports in each of two 
layers separated by a sealed, movable thermocline. The use of only one or 
two layers, while ignoring details of velocity changes with depth, provides 
an effective means of treating movements of water mass at low computational 
expense. A 46x24 grid of 10.8 km squares was employed. As described in 
references (Kizlauskas and Katz 1973, 1974), the model'sresultsagree gen- 
erally with observations of coastal jet formation, thermocline displacement, 
free surface displacement, and velocity magnitudes, under a variety of wind 
forcings. 
The computer program used to implement the model has been documented 
(Kizlauskas and Sapienza 1974) and is easily adapted to other lake or 
estuary geometries. 
The Kizlauskas-Yatz model has been used, in conjunction with the dis- 
persion model described immediately below, in simulating hypothetical and 
observed episodes of pollutant motion. 
Development of a Two-Dimensional Pollutant Dispersion Model 
The integrated layer transports produced by the Kizlauskas-Katz model 
were used as input to a conservative-pollutant dispersion model developed 
to simulate large scale movement of contaminants in Lake Michigan. Since 
layer transports are used as input, a vertically-integrated (two-dimensional) 
diffusion-advection equation is solved for each layer, generating a depth- 
averaged concentration value for the center of each square grid cell. The 
mass-conservative explicit finite-difference formulation of this model is 
described in detail elsewhere (Schwab, Katz, and Belytschko 1974, Katz and 
Schwab 1975). 
After initial testing, the two-dimensional dispersion model was applied 
to a hypothetical 125-day simulation of lakewide pollutant motion during the 
summer of 1970. U.S. Weather Service wind data and USEPA "STORET" chloride 
discharge data for 28 sources were used to provide a realistic situation 
(Schwab and Katz 1974, Katz and Schwab 1975). From this effort, it became 
obvious that such complex simulations were of severely limited value without 
great amounts of data for verification. As described in the section 
"Rationale for Episode Simulation" below, a technique was then proposed for 
obtaining much information of value while requiring relatively little data 
for verification (Schwab and Katz 1974, Katz and Schwab 1975). 
The computer program used to implement the two-dimensional dispersion 
model has been documented (Schwab, Katz, and Yandel 1975a). This model is 
easily adaptable to other lake and estuary geometries and to using circula- 
tion inputs other than those provided by the Kizlauskas-Katz model. 
New Work Presented in this Report 
An adaptation of the Simons multi-layer three-dimensional model to the 
treatment of pollutant dispersion in Lake Michigan is described in the next 
major section. Some representative examples of the results obtainable are 
included. 
The sections following the description of the modified Simons model 
d e a l  w i t h  t h e  development of a  method of ep isode  s imu la t i on  and wi th  a  pre- 
l iminary  a p p l i c a t i o n  of t h a t  method t o  some extreme cases  of p o l l u t i o n  seen  
i n  Chicago water  i n t a k e  da t a .  Some of t h e  m a t e r i a l  i n  t he se  s e c t i o n s  has  
been presen ted  prev ious ly ,  a t  meetings of t h e  Environmental Chemistry Divi- 
s i o n  of t h e  ACS (Phi lade lphia ,  A p r i l  1975) and t h e  IAGLR (Albany, May 1975) 
(Schwab and Katz 1975a, b ) .  
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Computer Graphics  C a p a b i l i t i e s  Developed 
A s  p a r t  of l a k e  modeling e f f o r t s  a t  U I C C ,  s e v e r a l  s p e c i a l i z e d  computer 
programs have been w r i t t e n  f o r  d i s p l a y i n g  c i r c u l a t i o n  and po l lu t an t -  
concen t r a t i on  p a t t e r n s .  
One program produces v e c t o r  v e l o c i t y  (o r  t r a n s p o r t )  p a t t e r n s ,  a s  shown 
i n  F igu re s  2, 3, and 6  of t h i s  r e p o r t .  
Another program produces contour  p l o t s  of p o l l u t a n t  and v e l o c i t y  d i s -  
t r i b u t i o n s ;  F igu re s  4, 5, 15, 16, 18, and 19 a r e  po l lu t an t - concen t r a t i on  
p l o t s  produced i n  t h i s  manner. The contour ing  program is  an a d a p t a t i o n  of 
one developed i n  Canada f o r  T.S. Murty (Taylor,  Richards,  and Hals tead 
Both p l o t t i n g  programs can be e a s i l y  modified f o r  o t h e r  boundaries  and 
l o c a t i o n s  of d a t a  p o i n t s .  
Output from e i t h e r  program can be  d i sp layed  i n  two ways. Af t e r  a  d a t a  
set r ep re sen t ing  a  p l o t  i s  genera ted  by a n  IBM 3701158, a  hard  copy ( I n d i a  
i n k  o r  b a l l  po in t )  can be ob ta ined  from t h a t  machine's Calcomp p l o t t e r .  
A l t e r n a t i v e l y ,  t h e  d a t a  s e t  can be t r a n s f e r r e d  ( v i a  t ape )  t o  a  PDP 11/45 
minicomputer f o r  d i ap l ay  on a  Vector General CRT te rmina l .  With t h e  PDP- 
Vector General system, a  number of p l o t s  can be  s t o r e d  on t ape  and quick ly  
d i sp l ayed  i n  sequence, a l lowing t h e  product ion of "moving p i c t u r e s "  on f i l m  
o r  v ideo  tape.  
THE SIMONS THREE-DIMENSIONAL MODEL 
I n  developing a three-dimensional  Lake Michigan model, i t  was decided 
t h a t  l i t t l e  advantage would be  ga ined  by " s t a r t i n g  from s c r a t c h " ,  g iven  t h e  
e x i s t e n c e  of a number of v e r i f i e d  models f o r  o t h e r  l a k e s  (Appendix B). The 
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model developed by T. J. Simons of t h e  Canada Cent re  f o r  I n l a n d  Waters h a s  
been compared e x t e n s i v e l y  w i t h  Lake O n t a r i o  d a t a ,  and h a s  been shown t o  pro- 
duce r e s u l t s  i n  e x c e l l e n t  g e n e r a l  agreement w i t h  o b s e r v a t i o n s  on t h a t  l a k e  
(Simons 1973b, 1974) .  Also,  t h i s  model i n c l u d e s ,  o r  can be  e a s i l y  made t o  
i n c l u d e  most of t h e  n e c e s s a r y  f e a t u r e s  of l a k e  dynamics f o r  a  wide v a r i e t y  
of l a r g e  and s m a l l - s c a l e  a p p l i c a t i o n s ,  w h i l e  s t i l l  r e t a i n i n g  c o n s i d e r a b l e  
computa t iona l  e f f i c i e n c y  (Appendix B,  Simons 1972, 1973a) .  
As a p p l i e d  h e r e  t o  Lake Michigan, t h e  Simons model has  a  1 0 . 8  km h o r i -  
z o n t a l  g r i d  s p a c i n g  and f o u r  l a y e r s  i n  t h e  v e r t i c a l ;  t h e  i n t e r n a l  l a y e r  
boundar ies ,  f o r  demons t ra t ion  purposes ,  were s e t  (nominal ly)  a t  10,  20, and 
40 meters below t h e  u n d i s t u r b e d  f r e e  s u r f a c e  ( a c t u a l  d e p t h s  were used where 
a  l a y e r  i n t e r s e c t s  t h e  bot tom).  The h o r i z o n t a l  g r i d  and bottom topography 
were e s s e n t i a l l y  t h o s e  used i n  t h e  e a r l i e r  Kizlauskas-Katz model (Kizlauskas  
and Katz 1973, 1974) ,  p a r t l y  f o r  purposes  of comparison.  Within  each l a y e r ,  
v e c t o r  m a s s  t r a n s p o r t s  a r e  computed a t  each c o r n e r  of each c e l l  and tempera- 
t u r e s  and s u r f a c e  d i sp lacements  a r e  computed f o r  c e l l  c e n t e r s  ( a s  viewed 
from above) .  A three-minute  t ime-s tep was used f o r  f r e e - s u r f a c e  computat ions ,  
w i t h  a t h i r t y - m i n u t e  t i m e  s t e p  f o r  a l l  o t h e r  c a l c u l a t i o n s  ( s e e  Appendix B), 
i n  t h e  t e s t s  performed. I n  a  number of t e s t s  u s i n g  s t e a d y  wind f o r c i n g ,  t h e  
r e s u l t s  o b t a i n e d  appeared c o n s i s t e n t  w i t h  t h o s e  o b t a i n e d  u s i n g  t h e  e a r l i e r  
model and w i t h  t h e  observed behavior  of t h e  l a k e ;  s t r o n g  c o a s t a l  jets were 
seen  i n  t h e s e  tests f o r  winds w i th  s t r o n g  longshore componepts. 
F igu re s  2  through 5  a r e  t y p i c a l  r e s u l t s  from t h e  Simons model; t h e s e  
r e s u l t s  correspond t o  a  hypo the t i ca l  s imu la t i on  of c u r r e n t s  f o r  August 3-16, 
1972, us ing  winds measured by t h e  U.S. Weather Serv ice  a t  Midway Ai rpo r t ,  
Chicago t o  d r i v e  t h e  e n t i r e  l ake .  This  per iod  of r a p i d l y  changing winds was 
chosen t o  r e p r e s e n t  a  t y p i c a l  ep isode  i n  which p o l l u t a n t s  discharged i n t o  
Calumet Harbor would be  "trapped" nea r  t h e i r  sou rces  due t o  r e l a t i v e l y  
i n e f f e c t i v e  wind-driven d i s p e r s i o n  ( a  "worst case" a s  def ined  i n  t h e  nex t  
s e c t i o n ) .  Dai ly  wind-speed and d i r e c t i o n  v a l u e s  were used f o r  t h e  14-day 
s imu la t i on .  S t a r t i n g  from t h e  top ,  i n i t i a l  l a y e r  temperatures  were set  a t  
12.2, 11.1, 4.4, and 4.4 degrees  C ,  r e s p e c t i v e l y ,  corresponding t o  average 
August va lues  ("The Lake Michigan Basin", 1975); c u r r e n t s  and p o l l u t a n t  con- 
c e n t r a t i o n s  were i n i t i a l l y  assumed t o  be zero,  and a  cont inuous,  a r b i t r a r y  
conse rva t ive -po l lu t an t  d i s cha rge  of 5,00Og/sec (roughly t h e  l e v e l  of a  l a r g e  
c h l o r i d e  source  (Katz and Schwab 1975)) was e s t a b l i s h e d  a t  Calumet Harbor on 
August 3  i n  t h e  model. V e r t i c a l  and h o r i z o n t a l  eddy d i f f u s i v i t i e s  were set 
6  2  
a t  100 and 1 0  cm / s ec ,  r e s p e c t i v e l y .  
F i g u r e s  2a and 2b show top-layer  v e l o c i t y  p a t t e r n s  f o r  August 9  and 
August 16,  r e s p e c t i v e l y .  F igu re s  3a and 3b show bottom-layer v e l o c i t i e s  
f o r  t h e  same two d a t e s ,  r e s p e c t i v e l y .  F igu re s  4a and 4b show s imula ted  
top-layer  p o l l u t a n t  contours  f o r  August 9  and 16, r e s p e c t i v e l y ,  and F igu re s  
5a and 5b show such contours  f o r  Layer 3  ( a t  approximately 30m depth)  f o r  
t h e  same d a t e s .  A s  shown, most of t h e  p o l l u t a n t  in t roduced  remained i n  t h e  
sou the rn  t i p  of t h e  l a k e  because, under changing winds, no s t r o n g ,  s t eady  
c u r r e n t s  developed t o  f l u s h  t h e  a r e a .  F igu re s  6a and 6b show c ros s - sec t iona l  
v e l o c i t i e s  f o r  a  v e r t i c a l  east-west s e c t i o n  through Calumet Harbor onAugust 9 
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POLLUTRNT CONCENTRRTIONS LRTER 1 RUGUST 9 . 1 9 7 2  POLLUTRNT CONCENTRRTIONS LRTER I RUGUST 1 6 . 1 9 7 2  
F i g u r e  4a.  Simons model r e s u l t s :  s i m u l a t e d  
top- layer  (Layer 1 )  p o l l u t a n t  
c o n c e n t r a t i o n  c o n t o u r s  f o r  
August 9, 1972 ( u n i t s  of 1 0 - ~ ~ / c m ~ ) .  
F i g u r e  4b. Same as F i g u r e  4a ,  b u t  
f o r  August 16,  1972. 
POLLUTRNT CONCENTRRTIONS LRYER 3 RUGUST 9 . 1 9 7 2  
n 
POLLUTRNT CONCENTRRTIONS LRYER 3 RUGUST 1 6 . 1 9 7 2  
F i g u r e  5a .  Simons model r e s u l t s :  s imu la t ed  
Layer 3 (30m dep th )  p o l l u t a n t  
c o n c e n t r a t i o n  con tou r s  f o r  
August 9, 1972 ( u n i t s  of 1 0 - ~ ~ / c m ~ ) .  
F i g u r e  5b. Same as F i g u r e  5a,  b u t  
f o r  August 16 ,  1972. 
CROSS SECTION VELBCITIES RUGUST 9,1972 
9
CROSS SECTION VELBCITIES RUGUST 16.1972 
CM.1 SEC. 
F i g u r e  6a .  Simons model r e s u l t s :  computed 
c r o s s - s e c t i o n a l  v e l o c i t i e s  f o r  
August 9, 1972, f o r  an  east -west  
s e c t i o n  through Calumet Harbor,  
as viewed from t h e  sou th .  
F igu re  6b. Same as F i g u r e  6a ,  b u t  
f o r  August 16,  1972. 
The a r b i t r a r y  demons t ra t ion  c a s e  shown cannot ,  o f  c o u r s e ,  be  thought  
of as r e p r e s e n t i n g  a c t u a l  l a k e  c o n d i t i o n s ,  a l t h o u g h  t h e  seven s i m u l a t e d  
days  e l a p s i n g  b e f o r e  c u r r e n t s  are shown and t h e  p r o b a b l e  unimportance of 
background p o l l u t a n t  c o n c e n t r a t i o n s  (Schwab and Katz 1975a, b )  r e d u c e  t h e  
importance of r e a l i s t i c  i n i t i a l  c o n d i t i o n s  i n  t h i s  c a s e .  These r e s u l t s  
are p r e s e n t e d  s imply as a b r i e f  i l l u t s t r a t i o n  of model c a p a b i l i t i e s .  For  
comparisons  of model r e s u l t s  w i t h  a c t u a l  o b s e r v a t i o n s  of Lake O n t a r i o ,  s e e  
Simons (1973b, 1974) .  Obta in ing  s u f f i c i e n t  wea ther  and i n i t i a l  t empera tu re  
d a t a  f o r  a n  a c t u a l  r e a l i s t i c  s i m u l a t i o n  of whole-lake c u r r e n t s  would r e q u i r e  
a n  IFYGL-like e f f o r t  on Lake Michigan. Only l o c a l  d a t a  might be  r e q u i r e d  
f o r  s i m u l a t i n g  impor tan t  l o c a l  phenomena. Such s i m u l a t i o n s  w i l l  b e  de- 
s c r i b e d  i n  f o l l o w i n g  s e c t i o n s ;  t h e  Simons model is  expec ted  t o  b e  used as 
t h e  f o u n d a t i o n  f o r  a m u l t i p l e - g r i d  n e a r s h o r e  e p i s o d e  model i n  t h e  n e a r  fu -  
t u r e .  The l a rge-gr id - spac ing  model i s  ready  f o r  d i r e c t  a p p l i c a t i o n s  t o  
whole-lake problems of Lake Michigan a t  p r e s e n t ,  however. 
The FORTRAN code f o r  t h e  modif ied Simons model h a s  been f u l l y  documented 
(Schwab, Katz,  and Yandel 1975b).  
RATIONALE FOR EPISODE SIMULATION 
One impor tan t  q u e s t i o n  t o  be  answered i n  t h e  development of any ecosys- 
t e m  model f o r  p a r t  of a l a r g e  body of w a t e r  is  whether  p o l l u t a n t  l e v e l s  and 
s o u r c e s  w e l l  o u t s i d e  t h e  immediate a r e a  c o n s i d e r e d  need be  d e s c r i b e d  i n  de- 
t a i l .  T h i s  q u e s t i o n  may b e  approached by c o n s i d e r i n g  i n d i v i d u a l  s o u r c e s  i n  
and around a n  a r e a  of i n t e r e s t  one a t  a  t ime and e s t i m a t i n g  t h e  r e l a t i v e  
importance of each by i n t r o d u c i n g  a r b i t r a r y  d i s c h a r g e s  i n  t h e  model. 
I n  a  number of such t e s t s  u s i n g  t h e  2-layer model, c o n s i d e r i n g  many of 
t h e  impor tan t  s t r e a m s  and r i v e r s  d i s c h a r g i n g  i n t o  Lake Michigan, i t  was ap- 
p a r e n t  t h a t  p o l l u t a n t s ,  a t  l e a s t  i n  t h e  model used,  were seldom t r a n s p o r t e d  
v e r y  f a r  from t h e i r  s o u r c e s  w i t h o u t  be ing  g r e a t l y  d i l u t e d .  The n e a r s h o r e  
v e l o c i t i e s ,  e i t h e r  as observed i n  a n  a c t u a l  l a k e  (Csanady 1967, Snow 1974) 
o r  as g e n e r a t e d  by t h e  model, were i n s u f f i c i e n t  t o  r a p i d l y  f l u s h  p o l l u t a n t s  
away from t h e i r  s o u r c e s .  I n  p r a c t i c e ,  s e v e r a l  weeks were r e q u i r e d  f o r  a 
s l u g  of c o n s e r v a t i v e  p o l l u t a n t  t o  b e  a lmost  complete ly  t r a n s p o r t e d  from i t s  
p o i n t  of d i s c h a r g e  under r e a l i s t i c  wind c o n d i t i o n s .  Because of i t s  impor- 
t a n c e ,  t h e  Chicago-Calumet Harbor s h o r e l i n e  was g iven  s p e c i a l  c o n s i d e r a t i o n  
i n  t h e s e  t e s t s .  
For  t h e  Chicago a r e a ,  t h e  l a r g e s t  s i n g l e  p o l l u t i o n  s o u r c e  is  t h e  Calu- 
m e t  Harbor r e g i o n  (Snow 1974) .  To de te rmine  what f a c t o r s  might n e c e s s a r i l y  
be  i n c l u d e d  i n  a  model of t r a n s p o r t  from t h i s  r e g i o n ,  s i n g l e - s l u g  d i s c h a r g e s  
were s i m u l a t e d  under a v a r i e t y  of wind c o n d i t i o n s  (Katz and Schwab 1975) .  
I n  t h e s e  s i m u l a t i o n s ,  a r b i t r a r y  s l u g s  of a c o n s e r v a t i v e  p o l l u t a n t  were in -  
t roduced i n t o  t h e  model a t  Calumet Harbor,  and t h e i r  behav ior  was observed 
f o r  over t h i r t y  days. It was observed t h a t ,  under "best  case" wind condi- 
t i o n s  ( e s s e n t i a l l y  s teady  winds),  t hese  s l u g s  were d ispersed  over a  l a r g e  
a r e a  of t h e  l a k e  wi th in  a  few weeks. Under "worst case" v a r i a b l e  wind con- 
e i t i o n s ,  t he  s l u g s  tended t o  s t a y  near  t h e i r  p o i n t  of d i scharge  f o r  long 
per iods  (over t h i r t y  days) without  d i spe r s ing  g r e a t l y .  
The best-and-worst-case r e s u l t s  i nd ica t ed  t h a t  p o l l u t a n t s  discharged 
near  shore  could behave i n  e i t h e r  of two ways a f t e r  t h e i r  r e l ea se :  they 
could d i s p e r s e  f a i r l y  uniformly and be g r e a t l y  d i l u t e d  be fo re  a f f e c t i n g  
a r e a s  a  s u b s t a n t i a l  d i s t a n c e  away, o r  they could remain concent ra ted  near  
t h e i r  sources,  causing l a r g e ,  unusual bui ldups analogous t o  those  observed 
i n  t he  atmosphere dur ing  per iods  of thermal i nve r s ion .  In  e i t h e r  case,  t he  
major short-term e f f e c t s  of such p o l l u t a n t s  seemed t o  be confined t o  t h e  
a r e a s  near  t h e i r  sources.  The l o c a l  v e l o c i t i e s  i n  t h e  model were s u f f i -  
c i e n t l y  smal l  t o  r u l e  out  t h e  p o s s i b i l i t y  of p o l l u t a n t s  being c a r r i e d  i n t o  
t h e  a r e a  from o the r  reg ions  be fo re  being g r e a t l y  d i l u t e d .  The concentra- 
t i o n s  produced by d ischarges  o u t s i d e  t h e  Calumet r eg ion  considered would, 
t he re fo re ,  probably be smal l  i n  comparison wi th  those  produced by s torm 
discharges  i n t o  Calumet Harbor under extreme condi t ions .  Thus, t he  au tho r s  
f e l t  t h a t  i n i t i a l  l e v e l s  and d ischarges  o u t s i d e  t h e  reg ion  considered could 
reasonably be neglec ted  i n  s imula t ing  short-term extreme cases  of p o l l u t a n t  
bui ldup ( l a s t i n g ,  say, l e s s  than one week) r e s u l t i n g  from such storm d i s -  
charges.  
The Chicago s h o r e l i n e  a r e a  appeared e s p e c i a l l y  vu lne rab le  t o  "worst- 
case" p o l l u t a n t  bui ldups because i t  is  near  t h e  sources  i n  t h e  heavi ly-  
po l lu t ed  Calumet Harbor a r e a  and because of t h e  predominance of s t rong  
longshore c o a s t a l  c u r r e n t s  ( i n  t he  d i r e c t i o n  of t h e  longshore components of 
t h e  wind) i n  t he  a r e a .  The model i nd ica t ed  t h a t ,  under sou the r ly  o r  south- 
wes te r ly  winds, p o l l u t a n t s  from Calumet Harbor could qu ick ly  reach  Chicago 
beaches and water  i n t a k e s  and remain t h e r e  dur ing  subsequent pe r iods  of 
changeable winds, pos s ib ly  causing beach c l o s i n g s  due t o  such t h i n g s  a s  
high co l i form counts ,  a l g a e  blooms o r  a l e w i f e  d i e -o f f s  and a l s o  causing 
water- t reatment  problems. 
A sea rch  of t h e  e x c e l l e n t  d a t a  maintained by t h e  Chicago Department 
of Water and Sewers revea led  t h a t  ep isodes  of "bad water", a s  i nd i ca t ed  
by sha rp  i n c r e a s e s  i n  ammonia-nitrogen and b a c t e r i a l  counts  and by s t rong  
s e p t i c  o r  hydrocarbon odors ,  d i d  occur s e v e r a l  t i m e s  each year  a t  t h e  68th 
S t .  Crib water  i n t ake .  Many of t h e s e  ep isodes  coincided wi th  pe r iods  of 
s o u t h e r l y  winds fo l lowing  heavy r a i n s  which might have caused combined sewer 
overflows near  Calumet Harbor. I n  t h e  i n t e r v a l s  between t h e  ep isodes  ob- 
served,  t h e  p o l l u t a n t s  measured were a l l  a t  low, f a i r l y  cons t an t  "background" 
l e v e l s  nea r  t h e  th reshold  of d e t e c t a b i l i t y ,  c o n s i s t e n t  w i th  t he  model 's  in-  
d i c a t i o n  t h a t  i n i t i a l  cond i t i ons  a r e  of r e l a t i v e l y  l i t t l e  importance, i n  t h e  
l a k e  i t s e l f ,  f o r  t h e s e  episodes.  
Ammonia-nitrogen and co l i form,  two i n d i c a t o r s  measured r o u t i n e l y  by t h e  
C i ty  of Chicago a t  i t s  f i l t r a t i o n  p l a n t s ,  decay f a i r l y  qu ick ly  i n  l a k e  water  
(Sawyer and McCarty 1967, Canale and Green 1972, Snow 1974); t h e s e  i n d i c a t o r s  
can decrease  d r a s t i c a l l y  i n  a  few days even wi thout  d i s p e r s i o n .  By compari- 
son, model experiments  on t r a n s p o r t  a lone  (conserva t ive  p o l l u t a n t ) ,  i n  which 
t h e  v e l o c i t i e s  involved w e r e  w e l l  w i t h i n  t h e  range observed (Csanady 1967, 
Snow 1974) ,  i nd i ca t ed  t h a t  a  s l u g  of p o l l u t a n t  would r e q u i r e  a t  l e a s t  a  week 
o r  two t o  be f lushed  from Calumet Harbor. Therefore  i t  seems reasonable  t o  
assume t h a t  ammonia-nitrogen and co l i form decay be fo re  t r a v e l i n g  very  f a r ,  
s o  t h a t  t h e s e  p o l l u t a n t s  w i l l  show l a r g e  concen t r a t i ons  on ly  near  t h e i r  
sources .  Correspondingly, d i s t a n t  sources  ( i . e . ,  sources  more than  40-50km 
away) can probably be  ignored due t o  decay ( i n  a d d i t i o n  t o  t h e  e f f e c t  of 
d i l u t i o n  de sc r ibed  e a r l i e r )  i n  s imu la t i ng  t h e s e  p o l l u t a n t s  i n  sma l l  a r e a s  
such a s  t h e  Chicago-Calumet Harbor r eg ion .  
Because of t h e  apparen t  unimportance of i n i t i a l  p o l l u t a n t  concentra-  
t i o n s  and d i s t a n t  sources  i n  t h e  Chicago s h o r e l i n e  a r e a ,  t h e  au tho r s  f e l t  
t h a t  a  g r e a t  d e a l  could b e  l e a rned  about  ep i sodes  gleaned from water  in -  
t a k e  d a t a  ( i n  p a r t i c u l a r ,  t hose  ep isodes  n o t  confounded by p o l l u t a n t s  from 
d i s t u r b e d  sediments) i f  a  s i n g l e ,  very  s h o r t  s l u g  were in t roduced  i n t o  an 
i n i t i a l l y  c l ean  (model) l ake .  Th i s  s i m p l i f i e d  s imu la t i on ,  based on ly  on 
knowledge of t h e  r a i n f a l l  h i s t o r y  ( t o  e s t i m a t e  t h e  t iming of combined sewer 
overf lows)  and t h e  wind h i s t o r y  ( t o  d r i v e  t h e  c i r c u l a t i o n  model a f t e r  t h e  
d i s cha rge )  would (1) g i v e  i n s i g h t  i n t o  t h e  immediate f a t e  of e f f l u e n t  d i s -  
charges ,  (2)  i n d i c a t e  t h e  importance of i nc lud ing  wind-driven t r a n s p o r t  i n  
any whole-lake o r  s h o r e l i n e  r eg ion  ecosystem models of wate r  q u a l i t y  ep i -  
sodes ,  and (3) i n d i c a t e  t h e  d i r e c t i o n  f u t u r e  modeling e f f o r t s  should take .  
THE CALUMET HARBOR REGION OF LAKE MICHIGAN AS AN EFFLUENT SOURCE 
The Calumet Harbor region is the largest pollutant source, for many 
significant materials, in Lake Michigan. Its surrounding waters, upon which 
many large municipalities rely for drinking water, are the most eutrophic 
part of the lake. Snow (1974) presented a fairly thorough discussion of the 
effluent discharges in the area and the average water quality observed there. 
\ 
This report also presented a qualitative description of the general hydrology 
of the region, but did not treat the transient dynamic behavior of the area 
in any quantitative sense; this transient behavior seems to be of predominant 
importance, as will be shown. Much of the descriptive material in this sec- 
tion was taken from Snow's work. 
The geography of the area is as shown in Figure 7. Note that the harbor 
is partially enclosed by a breakwater, and note the proximity of the Chicago 
South Filtration Plant water intake crib (68th Street). 
The Indiana Harbor Canal flows continuously into the harbor; the flow 
in this waterway consists mostly of waste water from industry and sewage- 
treatment facilities. Under certain conditions, such as combined sewers 
overflowing, this canal can discharge unusually large amounts of effluent 
to the harbor. A large, black plume can usually be seen at the mouth of 
the canal; Figure 8 shows a typical discharge. 
The Calumet River normally flows away from the lake, but its direction 
may briefly be reversed by large industrial discharges upstream from its 
mouth; industrial discharges near the mouth may, in part, enter the harbor 
directly. 
Some industrial discharges are made directly into the harbor, as well. 
A wide range of important pollutants are found in significant concen- 
trations in Calumet Harbor. Contaminants discussed by Snow (1974) include 
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F i g u r e  8. An a e r i a l  the rmal  i n f r a r e d  photograph of t h e  I n d i a n a  Harbor 
Canal d i s c h a r g e ,  t aken  i n  1974. (Photo c o u r t e s y  of P h i l  Reed.) 
ammonia-nitrogen, co l i forms ,  phosphorous, phenols,  o i l ,  g r ea se ,  c h l o r i d e s ,  
and s u l f a t e s .  I n  a d d i t i o n  t o  these ,  s i g n i f i c a n t  l e v e l s  of h igh ly  t o x i c  and 
long-l ived t r a c e  contaminants (e.g. ,  l e a d  and o t h e r  heavy me ta l s )  a r e  pres-  
e n t  (e.g. ,  Cogley 1974, Winchester and Nifong 1971) .  
Observat ions and computer s imu la t i ons  of c u r r e n t s  i n  t h e  Calumet Harbor 
a r e a  i n d i c a t e  c l e a r l y  t h a t  nearshore  c u r r e n t s  tend t o  fo l low t h e  shore ,  i n  
t h e  d i r e c t i o n  of longshore wind components. Under s o u t h e r l y  winds, m a t e r i a l  
discharged i n t o  t h e  harbor  would c l e a r l y  move toward t h e  Chicago s h o r e l i n e .  
THE WATER QUALITY RECORDS OF THE 
CHICAGO DEPARTMENT OF WATER AND SEWERS 
The Chicago Department of Water and Sewers r o u t i n e l y  moni to r s  t h e  qual-  
i t y  of t h e  w a t e r  p r e s e n t  a t  i t s  f o u r  w a t e r  i n t a k e s .  The paramete rs  measured 
a r e  t h o s e  most impor tan t  t o  f i l t r a t i o n  p l a n t  o p e r a t i o n ,  i n c l u d i n g  ammonia- 
n i t r o g e n ,  t o t a l  b a c t e r i a ,  t o t a l  c o l i f o r m ,  f e c a l  co l i fo rm,  t u r b i d i t y ,  tempera- 
t u r e ,  pH, wind speed,  and odor;  none of t h e  p o l l u t a n t s  measured a r e  conserva- 
t i v e  . 
The Chicago wate r  system h a s  two l a r g e  f i l t r a t i o n  p l a n t s :  The C e n t r a l  
P l a n t  and t h e  South P l a n t .  Each p l a n t  h a s  a  s h o r e  i n t a k e  and a c r i b  i n t a k e ;  
t h e  l o c a t i o n s  of t h e s e  i n t a k e s  a r e  as shown i n F i g u r e 7 .  The Wil l iam E. Dever 
Cr ib  s u p p l i e s  t h e  C e n t r a l  P l a n t ,  and t h e  6 8 t h  S t .  C r i b  s u p p l i e s  t h e  South 
P l a n t .  I n  g e n e r a l ,  t h e  d a t a  from t h e  s h o r e  i n t a k e s  t end  t o  show mainly 
e f f e c t s  from c u r r e n t s  and sediments  i n  t h e i r  immediate v i c i n i t y ,  w h i l e  t h e  
c r i b  d a t a  show c o n d i t i o n s  f a i r l y  w e l l  o u t  i n t o  t h e  open l a k e .  Since  t h e  
model a p p l i e d  h e r e  d i d  n o t  a t t e m p t  t o  r e p r e s e n t  d e t a i l e d  n e a r s h o r e  p r o c e s s e s ,  
o n l y  c r i b  d a t a  were  cons idered .  
The paramete rs  l i s t e d  above a r e  measured every  f o u r  h o u r s  under normal 
c i rcumstances ;  i n  a d d i t i o n ,  i f  v e r y  l a r g e  v a l u e s  a r e  no ted ,  measurements a r e  
o f t e n  t a k e n  more f r e q u e n t l y  u n t i l  normal l e v e l s  r e t u r n .  
A thorough s e a r c h  of Water Department d a t a  f o r  t h e  y e a r s  1970-1974 
r e v e a l e d  t h a t  w a t e r  a t  t h e  c r i b s  was g e n e r a l l y  q u i t e  c l e a n  f o r  most of each 
y e a r ,  w i t h  t h e  measured p o l l u t a n t s  a l l  remaining a t  low "background" l e v e l s .  
A t  t h e  6 8 t h  S t .  C r i b  i n t a k e  of t h e  South P l a n t ,  however, s e v e r a l  ep i sodes  of 
"bad water"  were no ted  each y e a r .  During t h e s e  e p i s o d e s ,  h igh  l e v e l s  of a l l  
measured p o l l u t a n t s  were observed f o r  p e r i o d s  of from one t o  about  t h i r t y  
days  i n  l e n g t h .  Many of t h e s e  e p i s o d e s  o c c u r r e d  s h o r t l y  a f t e r  s torms,  a s  
determined from U.S. Weather S e r v i c e  d a t a ,  d u r i n g  p e r i o d s  i n  which Calumet 
Harbor d i s c h a r g e s  would be  expected t o  r e a c h  Chicago under t h e  i n f l u e n c e  of 
s o u t h e r l y  winds.  Other  e p i s o d e s  occur red  s imul taneous ly  w i t h  s torms and 
were  thought  t o  have r e s u l t e d  £rom sed iments  be ing  d i s t u r b e d .  The l o n g e s t  
e p i s o d e s  appear  t o  have r e s u l t e d  from combinat ions  of r e p e a t e d  s i n g l e - s l u g  
d i s c h a r g e s  a n d / o r  sediment d i s t u r b a n c e s .  F i g u r e s  9-11 i l l u s t r a t e  a v a r i e t y  
of t y p i c a l  "bad-water" e p i s o d e s  observed.  F i g u r e  9  shows measured N H 3 - N ,  
c o l i f o r m ,  t u r b i d i t y ,  and wind d i r e c t i o n  f o r  an  a p p a r e n t  s i n g l e - s l u g  e p i s o d e  
i n  June  1974; t h i s  ep i sode  w i l l  be  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  t h e  n e x t  
s e c t i o n .  F i g u r e  1 0  shows NH - N  l e v e l s ,  r a i n f a l l ,  and wind d i r e c t i o n  f o r  a  3  
s h o r t ,  b u t  seemingly more complex e p i s o d e  i n  A p r i l  1974; t h e  l a r g e  peak on 
t h e  t h i r d  day (4111) seems t o  correspond t o  a  l o c a l  sediment d i s t u r b a n c e  
superimposed on t h e  r e s u l t s  of a s to rm d i s c h a r g e  on o r  about  A p r i l  10.  Fig- 
u r e  11 shows N H 3 - N ,  r a i n f a l l ,  and wind d i r e c t i o n  f o r  a  long  and complex 
e p i s o d e  i n  December 1972-January 1973; t h i s  e p i s o d e  w i l l  a l s o  be  d i s c u s s e d  
i n  t h e  n e x t  s e c t i o n .  
I n  none of t h e  e p i s o d e s  s e e n  were l a r g e  c o n c e n t r a t i o n s  observed a t  t h e  
C e n t r a l  P l a n t  f o l l o w i n g  t h e i r  o b s e r v a t i o n  a t  t h e  South P l a n t .  
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Figure  10. Observed N H 3 - N  l e v e l s ,  r a i n f a l l  (numbers a t  b racke ts ,  i n  i nches ) ,  
and wind d i r e c t i o n  f o r  an  episode i n  Apr i l ,  1974. 
AMMONIA-NITROGEN 
A SIMPLE MODEL APPLIED TO THREE OBSERVED EPISODES 
Model D e s c r i p t i o n  
The two-dimensional whole-lake d i s p e r s i o n  model used  e a r l i e r  i n  a 
s e a r c h  f o r  h y p o t h e t i c a l  b e s t  and w o r s t  c a s e s  was a p p l i e d  d i r e c t l y  t o  t h r e e  
extreme c a s e s  a c t u a l l y  recorded  a t  t h e  6 8 t h  S t .  C r i b .  T h i s  model, w h i l e  
l a c k i n g  s u f f i c i e n t  s p a t i a l  and temporal  r e s o l u t i o n  t o  s i m u l a t e  f i n e r  
d e t a i l s  of observed e p i s o d e s ,  was thought ,  because  of t h e  r e a s o n a b l e  t r a n s -  
p o r t  magnitudes and d i r e c t i o n s  i t  produced, t o  o f f e r  a conven ien t  and eco- 
nomical  ( i n  terms of computa t iona l  e f f o r t )  t o o l  f o r  f i r s t  i n v e s t i g a t i n g  t h e  
g r o s s  f e a t u r e s  of p o l l u t a n t  d i s p e r s i o n  i n  t h e  r e g i o n  c o n s i d e r e d .  
The model employed used sequences  of q u a s i - s t e a d y - s t a t e  c i r c u l a t i o n s  
g e n e r a t e d  by t h e  Kizlauskas-Katz  c i r c u l a t i o n  model d e s c r i b e d  above t o  
approximate  a c t u a l  t ime-varying c i r c u l a t i o n s .  The r e s u l t i n g  c rude  s t e p  
approx imat ion  was employed a s  a  means of g r e a t l y  r e d u c i n g  t h e  computer t ime 
r e q u i r e d ;  t h e  s t e a d y - s t a t e  c i r c u l a t i o n s  f o r  s i x t e e n  "s tandard"  3.8mIsec 
winds (N, NNE, NE, ENE, e t c . )  were g e n e r a t e d  beforehand and s t o r e d .  These 
s t a n d a r d  winds were f i t t e d  t o  t h e  a c t u a l  winds observed a t  t h e  South F i l t r a -  
t i o n  P l a n t  as d e s c r i b e d  i n  d e t a i l  i n  a  p r e v i o u s  paper  (Schwab and Katz 1974) .  
Because t h e  c i r c u l a t i o n  model r e q u i r e d  a b o u t  one t o  two days  of s i m u l a t i o n  
t o  e f f e c t i v e l y  approach a  s t e a d y  s t a t e ,  constant-wind approx imat ion  p e r i o d s  
of l e s s  t h a n  a b o u t  24 hours  would have been g r o s s l y  i n a c c u r a t e  when used i n  
a  s t e p  approximat ion;  t h e  temporal  r e s o l u t i o n  of t h e  combined c i r c u l a t i o n -  
d i s p e r s i o n  model was t h u s  l i m i t e d  by t h e  c i r c u l a t i o n  model t o  e v e n t s  t a k i n g  
l o n g e r  t h a n  a b o u t  a day,  even though t h e  t i m e  s t e p  used f o r  t h e  d i s p e r s i o n  
model was much s h o r t e r .  The s t e p  approximat ion used r e p r e s e n t s  c i r c u l a t i o n  
p a t t e r n s  p o o r l y  d u r i n g  p e r i o d s  of changing winds and removes t h e  e f f e c t s  of 
wave mot ions ,  e x c e p t  as t h e s e  mot ions  i n c r e a s e  a p p a r e n t  d i f f u s i o n .  A c t u a l  
c u r r e n t s  i n  t h e  r e g i o n ,  however, have been observed (Snow 1974) t o  change 
d i r e c t i o n  s o  as t o  f o l l o w  t h e  longshore  components of l o c a l  wind stresses 
w i t h i n  a few h o u r s  a f t e r  a change i n  wind d i r e c t i o n .  The o v e r a l l  w a t e r  and 
p o l l u t a n t  t r a n s p o r t s  r e s u l t i n g  from such  a n  approximat ion a r e  p robab ly  r e a l -  
i s t i c ,  e x c e p t  f o r  f i n e  d e t a i l s ;  s a v i n g s  i n  computer t ime  are dramat ic .  
F i g u r e s  12 and 1 3  are t y p i c a l  top- layer  s t e a d y - s t a t e  v e l o c i t y  d i s t r i b u -  
t i o n s  g e n e r a t e d  by t h e  c i r c u l a t i o n  model. They show c i r c u l a t i o n s  f o r  s o u t h  
and w e s t  winds,  r e s p e c t i v e l y .  
The r e g i o n  of g r e a t e s t  i n t e r e s t  h e r e  h a s  a maximum dep th  of abou t  12m; 
t h e  6 8 t h  S t .  Cr ib  i n t a k e  is  a t  abou t  9m depth .  The model had a n  e q u i l i b r i u m  
thermocl ine  dep th  of 16.8m (Kiz lauskas  and Katz 1973, 1974) cor responding  t o  
o b s e r v a t i o n s  (FWPCA 1967) and maximum thermocl ine  d i sp lacements  of approxi-  
mate ly  6m (Kiz lauskas  and Katz 1973, 1974) i n  t h a t  r e g i o n  f o r  a 3.8mIsec 
wind. Thus, t h e  minimum thermocl ine  dep th  was abou t  l l m  f o r  t h e  a r e a  con- 
s i d e r e d ,  and t h e  6 8 t h  S t .  Cr ib  i n t a k e  was always i n  t h e  e p i l i m n i o n  ( i n  t h e  
model) .  Such model behav ior  was c o n s i s t e n t  w i t h  t e m p e r a t u r e  o b s e r v a t i o n s  
from t h e  C r i b .  S i n c e  t h e  hypolimnion never  r e p r e s e n t e d  more t h a n  one- twe l f th  
(8.33%) of t h e  t o t a l  d e p t h  i n  t h e  Chicago-Calumet Harbor s h o r e l i n e  r e g i o n ,  
i t  was cons idered  r e a s o n a b l e  t o  n e g l e c t  p o l l u t a n t  t r a n s p o r t  a c r o s s  t h e  t h e r -  
mocl ine  and,  t h e r e f o r e ,  c o n s i d e r  o n l y  s i n g l e - l a y e r  d i s p e r s i o n  i n  t h i s  pre-  
l i m i n a r y  e f f o r t .  
The l a r g e  (10.8km) g r i d  s p a c i n g  used l i m i t e d  t h e  s p a t i a l  r e s o l u t i o n  con- 
s i d e r a b l y .  
E x t e n s i v e  model t e s t s  (Schwab and Katz 1974) i n d i c a t e d  t h a t  d i f f u s i o n ,  
e i t h e r  a c t u a l  d i f f u s i o n  o r  numer ica l  " d i f f u s i o n "  r e s u l t i n g  from t h e  f i n i t e -  
d i f f e r e n c e  model used,  had l i t t l e  e f f e c t  on p o l l u t a n t - d i s p e r s i o n  r e s u l t s  i n  
r e g i o n s  of s t r o n g  c u r r e n t s  such  a s  t h e  Chicago-Calumet Harbor s h o r e l i n e .  


Advection seems c l e a r l y  t o  b e  t h e  predominant h o r i z o n t a l  t r a n s p o r t  mechanism 
i n  l a r g e  l a k e s  (Schwab and Katz 1974, L ick ,  Pau l ,  and Sheng 1975, Bennet t  
1974b).  Hor i zon t a l  d i f f u s i v i t i e s  are o f t e n  t r e a t e d  as model parameters  t o  b e  
a d j u s t e d  t o  p rov ide  smoothing i n  computa t iona l  procedures  (Lick,  Pau l ,  and 
Sheng 1975, Bennet t  1974b).  For  t h e  r e s u l t s  shown h e r e ,  a c o n s t a n t  hor izon-  
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t a l  d i f f u s i v i t y  of 1 0  cm / s e c  w a s  used,  l a r g e l y  f o r  smoothing i n  r e g i o n s  of 
low v e l o c i t y .  A more r e a l i s t i c  v a l u e  f o r  t h e  10.8km g r i d  s i z e  would b e  
5  2  5 x 1 0  cm / s e c  (Murthy, e t  a1 1974) ,  b u t ,  i n  some a r e a s ,  numer ica l  d i f f u s i o n  
would s t i l l  have a g r e a t e r  e f f e c t .  Accurate  t r e a tmen t  of nea r sho re  hor izon-  
t a l  d i f f u s i o n ,  nece s sa ry  i n  a more r e f i n e d  model b u t  n o t  a t t empted  h e r e ,  
would r e q u i r e ,  a t  t h e  o u t s e t ,  a much f i n e r  g r i d .  
Because no d a t a  were a v a i l a b l e  as t o  t h e  "s t reng th"  and d u r a t i o n  of 
a c t u a l  s to rm d i s cha rges  i n t o  Calumet Harbor,  uniform p o l l u t a n t  s l u g s  of 
a r b i t r a r y  s i z e  (250,000 g / s e c  f o r  1 hour)  w e r e  employed i n  t h e  s i m u l a t i o n s  . 
desc r i bed  he r e .  Model r e s u l t s  were t hen  s c a l e d  i n  a c o n s i s t e n t  manner t o  
f a c i l i t a t e  comparison w i t h  obse rva t i ons .  Th is  s c a l i n g ,  a s  de sc r i bed  below, 
w a s  n o t  a r b i t r a r y .  I n  t h e  f i r s t  ep i sode  s i m u l a t i o n  de sc r i bed ,  a s c a l e  fac -  
t o r  w a s  determined,  e s t a b l i s h i n g  correspondence between observed ammonia 
l e v e l s  and model r e s u l t s ;  t h i s  same s c a l e  f a c t o r  w a s  used f o r  t h e  r e s u l t s  
of t h e  nex t  two ep i sode  s imu la t i ons .  Such s c a l i n g ,  which r e s u l t e d  i n  treat- 
ing  a l l  a c t u a l  d i s cha rges  as i f  they had t h e  same "s ize" ,  w a s  used because  
of t h e  l a c k  of d i s c h a r g e  obse rva t i ons .  W h i l e  n o t  p e r m i t t i n g  c l o s e  matching 
of model r e s u l t s  w i t h  p o l l u t a n t  obse rva t i ons  i n  t h e  second and t h i r d  c a s e s ,  
t h i s  s c a l i n g  a l lowed a c o n s i s t e n t  de t e rmina t i on  of s l u g  " a r r i v a l  times" 
(def ined  below).  
The t iming  of a  s l u g ' s  i n t r o d u c t i o n  i n  t h e  model c o n t r o l l e d  t h e  t i m e  of 
i t s  appearance a t  t h e  68 th  S t .  Cr ib .  I n  p r a c t i c e ,  because a c t u a l  d i s c h a r g e  
t i m e s  were n o t  r e a d i l y  ob t a inab le ,  s l u g s  were in t roduced  a t  t h e  noon o r  mid- 
n i g h t  which b e s t  approximated t h e  per iod  of h e a v i e s t  r a i n  preceding a  po l lu-  
t a n t  episode.  This  t iming scheme was n o t  in tended  t o  f a c i l i t a t e  manipulat ion 
of t h e  model t o  permit  ob ta in ing  a r t i f i c i a l l y  improved agreement w i th  obser- 
v a t i o n s ,  b u t  was intended only  t o  r e p r e s e n t  a  reasonable  " f i r s t  guess" a s  t o  
t h e  t iming of a c t u a l  d i s cha rges  i n t o  t h e  l ake .  
Comparison of Model Resu l t s  w i th  Observat ions 
This  s e c t i o n  p r e s e n t s  model r e s u l t s  f o r  t h r e e  p o l l u t a n t  episodes,  a long 
wi th  obse rva t ions  of t he se  ep isodes .  Although s imula ted  and observed d a t a  
a r e  p l o t t e d  on t h e  same axes f o r  each episode,  i t  i s  n o t  intended t h a t  t h e  
r eade r  should see g r e a t  s i m i l a r i t y  between observed and computed curves.  A 
conse rva t ive -po l lu t an t  model cannot e f f e c t i v e l y  r e p r e s e n t  t h e  o v e r a l l  behav- 
i o r  of h igh ly  b i o r e a c t i v e  p o l l u t a n t s .  Only t r a n s p o r t  i s  t r e a t e d  here ,  and 
t h e  f i g u r e s  a r e  intended t o  show - i ts  r o l e  i n  t h e  ep isodes  presen ted .  
F igure  14 shows computed p o l l u t a n t  l e v e l s ,  observed NH3 - N  and co l i form 
d a t a ,  and approximate wind and r a i n f a l l  records ,  a l l  corresponding t o  an 
ep isode  i n  June, 1974. A s l u g  was in t roduced ,  a s  shown, a t  t h e  end of J u n e 8 ,  
corresponding t o  1 .03  inches  of r a i n  t h a t  day. 
For convenience i n  comparison, a l l  t h r e e  p o l l u t a n t  curves  i n  t h i s  f i g -  
u r e  have been drawn wi th  t h e  same maximum he igh t .  The s c a l i n g  r equ i r ed  t o  
match t h e  computed curve w i th  t h e  observed a m o n i a  curve was used t o  d e t e r -  
mine t h e  s c a l e  f a c t o r ,  mentioned above, f o r  a l l  t h r e e  ep isodes  s imulated.  
-9 3  Thus, a  concen t r a t i on  of 10  g/cm i n  t h e  model was a s s o c i a t e d  w i th  a  
measured ammonia l e v e l  of 0.004 mg/l ,  f o r  t he se  ep isodes .  This  ep isode  
was chosen f o r  s e t t i n g  t h e  s c a l e  f a c t o r  because of t h e  l a r g e ,  e a s i l y  com- 
pared peaks i n  bo th  model and d a t a  dur ing  i t s  f i r s t  few days. 
A s  shown i n  F igu re  14,  t h e  model p r ed i c t ed  t h e  i n i t i a l  peak f a i r l y  w e l l .  

I n  t h e  model, t h i s  peak cor responds  t o  a n  a b r u p t  change of wind d i r e c t i o n ;  
t h e  s l u g  i n t r o d u c e d  s p r e a d s  northward under  a s o u t h  wind and is thenl 'pushed" 
back i n t o  Calumet Harbor by t h e  a c t i o n  of a wes t  wind. S i n c e  t h e  model ve- 
l o c i t i e s  are w e l l  w i t h i n  t h o s e  a c t u a l l y  observed (Snow 1974, Csanady 1967) ,  
t h i s  r e s u l t  i n d i c a t e s  t h a t ,  under  changing winds,  a d v e c t i o n  a l o n e  c a n  c a u s e  
g r e a t  changes  i n  c o n c e n t r a t i o n s  w i t h i n  a few hours .  
A f t e r  a few days ,  t h e  observed and computed d a t a  b e g i n  t o  d i v e r g e  d r a s -  
t i c a l l y ;  t h e  c o n s e r v a t i v e  p o l l u t a n t  i n  t h e  model s t a y s  i n  t h e  area and moves 
nor thward a g a i n ,  c a u s i n g  i n c r e a s i n g  l e v e l s  on June  14 and 1 5  a f t e r  t h e  real 
i n d i c a t o r s  appear  t o  have decayed b i o l o g i c a l l y .  F i g u r e  14,  then ,  s u g g e s t s  
t h e  r e l a t i v e  importance of t r a n s p o r t  and b i o l o g i c a l  mechanisms d u r i n g  t h e  
e p i s o d e .  During t h e  f i r s t  few days ,  t r a n s p o r t  seems t o  predominate ,  t h u s  
c o n t r o l l i n g  t h e  o n s e t  of t h e  ep i sode .  
The b e h a v i o r  of t h e  p o l l u t a n t  "patch"  i s  i l l u s t r a t e d  i n  F i g u r e s  1 5  and 
16,  which are model-generated c o n c e n t r a t i o n  con tour  p l o t s  f o r  June  1 0  and 1 3 ,  
r e s p e c t i v e l y .  F i g u r e  1 5  shows t h e  r e s u l t  of uniform wind-driven s p r e a d i n g  
a l o n g  t h e  s h o r e ,  and F i g u r e  1 6  shows t h e  e f f e c t  of a change i n  wind d i r e c t i o n ,  
as d e s c r i b e d  above.  S i n c e  t h e  c u r r e n t s  c a n  change d i r e c t i o n  v e r y  r a p i d l y  as 
t h e  wind changes (Snow 1974) ,  v e r y  s h a r p  peaks  can  b e  produced. A  model w i t h  
h i g h e r  r e s o l u t i o n  cou ld  show much more of t h e  f i n e  d e t a i l  of  t h e  o b s e r v a t i o n s .  
" A r r i v a l  t i m e " ,  as shown i n  F i g u r e  14,  i s  d e f i n e d  as t h a t  t i m e  a t  which 
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t h e  computed c o n c e n t r a t i o n  f i r s t  r e a c h e s  0.075 x 1 0  g/cm , cor responding  t o  
a n  e a s i l y  d e t e c t a b l e  ammonia l e v e l  of 0 .03 mg/ l .  I n  t h i s  s i m u l a t i o n  of a n  
e p i s o d e  i n  June ,  t h e  s l u g  " a r r i v e d "  a b o u t  26 h o u r s  a f t e r  i t s  i n t r o d u c t i o n .  
The a c t u a l  ammonia s l u g  " a r r i v e d "  ( a t  t h e  0 .03 mg/ l  l e v e l )  a b o u t  f i v e  hours  
later. 
According t o  t h e  c o n s e r v a t i v e - p o l l u t a n t  model, t h e  material i n t r o d u c e d  


remains  around Calumet Harbor f o r  t h e  l e n g t h  of t h e  ep i sode ;  i n  t h e  a c t u a l  
l a k e ,  t h e  co l i f o rm  b a c t e r i a  d i e  (Canale and Green 1972, Snow 1974) and t h e  
ammonia i s  taken  up by n i t r i f y i n g  b a c t e r i a  and conver ted  t o  n i t r i t e s  and 
n i t r a t e s  (Sawyer and McCarty 1967) .  The by-products of ammonia decay, 
excep t  i n s o f a r  a s  they  a r e  p r e c i p i t a t e d ,  p rov ide  n u t r i e n t s  f o r  b i o t a  i n  t h e  
area and might b e  expected t o  remain i n  t h e  r eg ion ,  as i n d i c a t e d  by t h e  con- 
s e r v a t i v e - p o l l u t a n t  model. Thus, t h e  h y p o t h e t i c a l  p o l l u t a n t  cons idered  may 
b e  t aken  t o  r e p r e s e n t  bo th  ammonia and i t s  by-products.  
No unusua l  p o l l u t a n t  c o n c e n t r a t i o n s  were observed a t  t h e  C e n t r a l  F i l -  
t r a t i o n  P l a n t  du r ing  t h e  pe r i od  cons idered .  The model i n d i c a t e d  no C e n t r a l  
P l a n t  v a l u e s  g r e a t e r  than  about  10% of t h e  peak v a l u e  i n d i c a t e d  f o r  t h e  South 
P l a n t ,  even assuming no decay ( t h u s  assuming a  g r o s s  ove re s t ima t e  of NH - N  3  
and co l i f o rm  by t h e  model); such v a l u e s  would b e  t oo  s m a l l  t o  b e  r o u t i n e l y  
n o t i c e d  ( c f .  background l e v e l s ) .  The edge of t h e  p o l l u t a n t  pa t ch  never  
r e aches  t h e  C e n t r a l  P l a n t  i n  d e t e c t a b l e  amounts, i n  e i t h e r  t h e  model o r  
t h e  r e a l  l a k e .  
F i g u r e  17 shows t h e  same i n fo rma t ion  a s  F i g u r e  14,  b u t  f o r  an  ep i sode  
i n  October ,  1974; t h i s  ep i sode  corresponded t o  a pe r i od  of  a lmos t  s t e a d y  
winds,  as shown. A s l u g  w a s  in t roduced  a t  noon on October 29, cor responding  
t o  a 0.56-inch r a i n f a l l  t h a t  day.  The observed ammonia and c o l i f o r m  curves  
have been drawn s o  as t o  have t h e  same maximum h e i g h t  on October 30. The 
computed curve  has  been s c a l e d ,  a s  de sc r i bed  above, s o  t h a t  a g iven  concen- 
t r a t i o n  i n  t h e  model cor responds  t o  t h e  same NH - N  l e v e l  a s  i t  d i d  f o r  3  
F i g u r e  14,  f o r  a  de t e rmina t i on  of a r r i v a l  t ime.  The computed cu rve  " a r r i ve s "  
about  38 hours  a f t e r  t h e  s l u g ' s  i n t r o d u c t i o n ,  a s  compared w i t h  26 hours  i n  
F i g u r e  14 ,  due t o  l e s s  f a v o r a b l e  sou thwes t e r l y  winds on October 30. Th i s  




e f f e c t i v e  w i t h i n  a  three-day p e r i o d ;  i f  t h e  same c u r r e n t s  had con t inued  f o r  
a few more days ,  f l u s h i n g  would have begun t o  remove t h e  s l u g  from t h e  a r e a  
i n  t h e  model. Once a g a i n ,  b i o l o g i c a l  decay becomes predominant a f t e r  a few 
days .  A s  i n d i c a t e d  by F i g u r e  17  ( t ime  h i s t o r y )  and by F i g u r e s  1 8  and 1 9  
(con tour  p l o t s  f o r  October 30 and 31, r e s p e c t i v e l y ) ,  t h e  c o n s e r v a t i v e  pol-  
l u t a n t  i n  t h e  model s p r e a d s  uniformly;  t h e  observed t ime  h i s t o r y  c u r v e s  
q u i c k l y  f l a t t e n  due t o  decay phenomena. The decay by-products h e r e  would 
t end  t o  b e  s p r e a d  much more e f f e c t i v e l y ,  away from Calumet Harbor,  t h a n  i n  
t h e  p r e v i o u s  example. Here, t h e  model i n d i c a t e s  a con t inuous  t r a n s p o r t  of 
p o l l u t a n t .  
No u n u s u a l l y  h i g h  l e v e l s  were observed a t  t h e  C e n t r a l  P l a n t  i n  e i t h e r  
t h e  model o r  t h e  real l a k e  i n  t h i s  e p i s o d e .  
A t h i r d  e p i s o d e  s i m u l a t i o n  i s  p r e s e n t e d  t o  i n d i c a t e  t h e  p o t e n t i a l  u s e  
of a numer ica l  model t o  de te rmine  t h e  r e l a t i v e  importance of d i f f e r e n t  
c a u s a t i v e  f a c t o r s  i n  a  more complex s i t u a t i o n .  The ammonia-nitrogen c u r v e  
i n  F i g u r e  20 r e p r e s e n t s  a n  observed "bad-water" p e r i o d  a t  t h e  68 th  S t .  C r i b  
( s e e  F i g u r e  11)  l a s t i n g  from December 30, 1972 through January  7, 1973 
(aboyt  9  d a y s ) ;  no unusua l  c o l i f o r m  l e v e l s  were  observed d u r i n g  t h i s  p e r i o d .  
The h i g h e s t  ammonia l e v e l s  were s e e n  on January  1, about  2  days  a f t e r  a  sub- 
s t a n t i a l  r a i n f a l l ,  and on January  5, abou t  1 day a f t e r  a n o t h e r  s torm;  a 
r e a s o n a b l e  f i r s t  e x p l a n a t i o n  f o r  t h e  o b s e r v a t i o n ,  then ,  would b e  t h a t  two 
s to rm-d ischarge  s l u g s  were r e s p o n s i b l e .  To test  t h i s  assumption,  two s l u g s  
were  i n t r o d u c e d  i n  t h e  model, a s  shown i n  F i g u r e  20; t h e s e  s l u g s  were b o t h  
, of t h e  s a m e  a r b i t r a r y  " s ize"  as t h o s e  used i n  t h e  s i n g l e - s l u g  s i m u l a t i o n s .  
A s  shown i n  F i g u r e  20, t h e  i n t r o d u c t i o n  of t h e  f i r s t  s l u g  roughly  a c c o u n t s  
f o r  t h e  i n i t i a l  o n s e t  of t h e  e p i s o d e ,  b u t  t h e  second s l u g  h a s  l i t t l e  e f f e c t  
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AMMONIA -NITROGEM (MGIL) 
32 hours  a f t e r  t h e  f i r s t  s l u g ' s  i n t r o d u c t i o n )  was determined a s  i n  t h e  two 
cases  desc r ibed  prev ious ly .  C lea r ly ,  t he  observed rise i n  NH - N  l e v e l s  on 3  
January 5 does no t  appear t o  b e  caused by a  second s torm d ischarge ;  t h i s  
conc lus ion  i s  obvious from t h e  curves  showing t h e  e f f e c t  of each i n d i v i d u a l  
s l u g .  Therefore ,  i t  seems t h a t  both advec t ive - t r anspo r t  and sediment- 
d i s tu rbance  mechanisms a r e  needed t o  exp la in  t h i s  long episode.  Another 
i n f e r e n c e  t o  be drawn is  t h a t ,  accord ing  t o  t h e  model, d i f f e r e n t  wind h i s -  
t o r i e s  can cause g r o s s l y  d i f f e r e n t  p o l l u t a n t  l e v e l s  t o  b e  seen  a f t e r  o ther -  
w i s e  i d e n t i c a l  d i s cha rges  (compare t h e  two s ing l e - s lug  curves  i n  F igure  20).  
The sediment-dis turbance exp lana t ion  i s  r e in fo rced  by t h e  absence of 
unusual  co l i form l e v e l s ;  co l i fo rm would no t  be  expected t o  come from sed i -  
ments. Cen t r a l  P l a n t  p o l l u t a n t  l e v e l s  remained low throughout t h e  per iod  
considered.  
Table 1 shows " a r r i v a l  delays"  i n  bo th  observed d a t a  and model r e s u l t s  
f o r  t h e  t h r e e  ep isodes  descr ibed ,  where an a r r i v a l  de lay  i s  de f ined  a s  t h e  
i n t e r v a l  between a  s l u g ' s  i n t r o d u c t i o n  i n  t h e  model and e i t h e r  t h e  appear- 
ance of an ammonia l e v e l  of 0.03 mg/l i n  t h e  obse rva t ions  o r  t h e  s l u g ' s  
a r r i v a l  t i m e  i n  t h e  model. For t h e  t h i r d  ep isode ,  an  a r r i v a l  de l ay  i s  given 
f o r  on ly  t h e  f i r s t  s l ug ;  t h e  second s l u g  never a r r i v e s ,  due t o  a  
wind change 24 hours  a f t e r  i t s  i n t r o d u c t i o n  ( s ee  F igure  20).  Table 1 sug- 
g e s t s  t h a t  t he  model 's  p r e d i c t i o n s  of s l u g  a r r i v a l s  w i th in  20-40 hours  a f t e r  
a  heavy r a i n  near  Calumet Harbor followed by winds having a  s t r o n g  sou the r ly  
component a r e  reasonable .  
Table  1. Observed and computed a r r i v a l  de l ays .  
Computed 
A r r i v a l  Delay (hours )  
Episode 
Per iod  
Observed 
A r r i v a l  Delay (hours )  
SUMMARY AID CONCLUSIONS 
Types of Conclusions Obtained 
Recent Lake Michigan s t u d i e s  he re  have l e d  t o  two k inds  of conclusions: 
conclus ions  about t h e  behavior  of p o l l u t a n t s  discharged i n t o  important near- 
shore  zones such a s  t h e  Chicago-Calumet Harbor s h o r e l i n e ,  and conclusions 
. 
about  t h e  p re sen t  s t a t e  of t h e  modeling a r t  and i t s  a b i l i t y  t o  s imula te  t h a t  
behavior .  
Conclusions Regarding t h e  F a t e  of Calumet Harbor Discharges 
1. A s  suggested by Figure  14, r ap id  changes i n  wind d i r e c t i o n  can cause 
l a rge ,  r ap id  changes i n  nearshore  p o l l u t a n t  l e v e l s .  Thus, any t r a n s i e n t  
water -qua l i ty  changes i n  a  reg ion  r ece iv ing  an important  time-varying d i s -  
charge a r e  h ighly  dependent upon t r a n s p o r t  mechanisms. The importance of 
such t r a n s i e n t  changes i s  ind ica t ed  by t h e  h igh  p o l l u t a n t  va lues  measured 
during bad-water episodes a t  t h e  68th S t .  Crib; t h e  onse t  of those  ep isodes  
r e s u l t i n g  from storm discharges  seems t o  be governed l a r g e l y  by advec t ive  
t r a n s p o r t .  
2. The model p r e d i c t s  g r e a t l y  d i f f e r i n g  t r a n s p o r t  behavior i n  c.ases having 
changing and s teady  wind h i s t o r i e s ;  t h e  type of t r a n s p o r t  behavior  pred ic ted  
sugges t s  one reasonable  explana t ion  f o r  d i f f e r e n c e s  i n  the  observed da t a  and 
sugges ts  an hypothesis  regarding t h e  immediate f a t e  of Calumet Harbor d i s -  
charges.  Under s teady  winds, discharged p o l l u t a n t s  d i s p e r s e  uniformly and 
s l u g  d ischarges ,  i f  they do not  decay r a p i d l y ,  - a r e  probably f lu shed  away 
from t h e i r  sources.  Under varying winds, d i scha rges  show a tendency t o  s t a y  
near  t h e i r  sources,  and t h e  movement of "edges" of p o l l u t a n t  pa tches  can 
cause g r e a t  changes i n  l e v e l s  i n  a  few hours; abrupt  changes i n  l e v e l  seem 
t o  correspond t o  abrupt  wind changes. P o l l u t a n t s  such a s  co l i form and 
ammonia-nitrogen which decay q u i t e  q u i c k l y  seem t o  s t a y  i n  t h e  Calumet Harbor 
a r e a  u n t i l  t h e y  decay because ,  under  any u s u a l  wind c o n d i t i o n s ,  f l u s h i n g  
o c c u r s  more s lowly  t h a n  decay.  
The l a c k  of e p i s o d e  d a t a  from t h e  C e n t r a l  F i l t r a t i o n  P l a n t  (about  14.5k.m 
n o r t h  of t h e  South P l a n t )  i s  complete ly  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  t h a t  
most of t h e  observed p o l l u t a n t  changes form w h i l e  s t i l l  i n  t h e  Calumet Harbor- 
South F i l t r a t i o n  P l a n t  area. Both t h e  model and t h e  measurements s u g g e s t  
t h a t  v e r y  l i t t l e  p o l l u t a n t  i s  t r a n s p o r t e d  as f a r  n o r t h  as t h e  C e n t r a l  P l a n t  
i n t a k e ,  compared w i t h  t h a t  d e l i v e r e d  t o  t h e  6 8 t h  S t .  Cr ib .  The t y p e  of ep i -  
sode  d a t a  s e e n  a t  t h e  South P l a n t  would p robab ly  b e  s e e n  a t  t h e  C e n t r a l  P l a n t  
i f  t h e  amounts d e l i v e r e d  were above measurement t h r e s h o l d s .  
3 .  The by-products of t h e  p o l l u t a n t s  observed migh t  behave,  i n s o f a r  a s  
t r a n s p o r t s  are concerned,  i n  much t h e  same manner as t h e  c o n s e r v a t i v e  p o l l u -  
t a n t  c o n s i d e r e d  h e r e ;  t h e  i n d i c a t o r s  observed (e .g . ,  N H 3 - N ,  c o l i f o r m )  may 
n o t  r e v e a l  t h e  t ime e x t e n t  of b u i l d u p s  under  "worst  case"  c o n d i t i o n s .  
Conclusions  Regarding t h e  Modeling of Nearshore  D i s p e r s i o n  Episodes  
1. Two c i r c u l a t i o n  and p o l l u t a n t - d i s p e r s i o n  models have been developed f o r  
Lake Michigan.  The two-layer model (Kiz lauskas  and Katz 1973, 1974, Schwab 
and Katz 1974, Katz and Schwab 1975) p r o v i d e s  a ' f a i r l y  economical  means of 
s i m u l a t i n g  l a r g e - s c a l e  t r a n s p o r t  phenomena where h i g h  s p a t i a l  and temporal  
r e s o l u t i o n  and g r e a t  v e r t i c a l  d e t a i l  are n o t  r e q u i r e d .  The modi f i ed  Simons 
model p r o v i d e s ,  i n  i t s  p r e s e n t  form, a n  added c a p a b i l i t y  of t r e a t i n g  l a r g e -  
s c a l e  phenomena w i t h  c o n s i d e r a b l e  d e t a i l  i n  t h e  v e r t i c a l  and a l l o w s  t h e  con- 
s i d e r a t i o n  of b a r o c l i n i c  e f f e c t s .  
These c o a r s e - g r i d  models are d i r e c t l y  a p p l i c a b l e  t o  t h e  s t u d y  of l ake-  
wide p r o c e s s e s ;  v e r i f i c a t i o n  and c a l i b r a t i o n  of such  whole-lake models f o r  
Lake Michigan would n e c e s s a r i l y  b e  a  v e r y  l a r g e  and c o s t l y  u n d e r t a k i n g .  
Thus, wh i l e  such s imula t ions  can 'p rov ide  many i n s i g h t s  i n t o  t h e  behavior  of 
t h e  l ake ,  making them p r e d i c t i v e  of a c t u a l  obse rva t ions  wi thout  an e l a b o r a t e  
whole-lake d a t a  base would be  q u i t e  d i f f i c u l t .  The use  of l o c a l  high- 
r e s o l u t i o n  models t o  t r e a t  l o c a l  c u r r e n t s  and d i s p e r s i o n  ep isodes ,  r e q u i r i n g  
f a r  l e s s  d a t a  f o r  c a l i b r a t i o n  and v e r i f i c a t i o n ,  seems t o  o f f e r  an  improved 
means of s tudying  t h e  e f f e c t s  of important  e f f l u e n t  o u t f a l l s .  
One g o a l  of t h e  pre l iminary  ep isode  s imu la t i ons  presen ted  h e r e  was t h e  
de te rmina t ion  of some of t h e  requirements  f o r  a  nearshore  model; o t h e r  re -  
quirements  have been determined from t h e  observed n a t u r e  of l a k e  c u r r e n t s .  
Seve ra l  e x i s t i n g  "s ta te-of- the-ar t"  models have been eva lua ted  a s  r ega rds  
t h e s e  requirements  ( s ee  Appendices A and B ) .  
2. The r e s u l t s  shown he re  e s t ima te  t h e  r e l a t i v e  importance of t r a n s p o r t  and 
b i o l o g i c a l  mechanisms i n  modeling ammonia and co l i form episodes  observed. It 
seems c l e a r  t h a t  such ep isodes  cannot  be  modeled a c c u r a t e l y  without  cons ider ing  
both k inds  of mechanisms. 
3 .  I n  a  l i m i t e d  a r e a  such a s  Calumet Harbor, emp i r i ca l  c o e f f i c i e n t s  f o r  
t h e  decay of i n d i c a t o r s  observed might be determined, a s  a  s imple means of 
i n t roduc ing  b i o l o g i c a l  e f f e c t s  i n t o  a  model. Such a  non-mechanistic model 
would n e c e s s a r i l y  need t o  be  made dependent upon a  number of time-varying 
parameters  such a s  temperature and pH and t h e  i n i t i a l  b i o l o g i c a l  s t a t e  of 
t h e  nearby l ake  waters  (before  a  d i s cha rge ) .  Such an  empi r i ca l  model would 
be  s e v e r e l y  l i m i t e d  i n  a p p l i c a t i o n .  Its v a l i d i t y  would e x i s t  only f o r  t h e  
p a r t i c u l a r  l o c a l e  cons idered ,  bu t  i n  some circumstances,  wi th  a  s u f f i c i e n t  
d a t a  base ,  i t  might provide some p r e d i c t i v e  c a p a b i l i t y .  For p r e d i c t i v e  
a p p l i c a t i o n s  involv ing  ep isodes  u n l i k e  those  a l r eady  observed, an episode 
model would r e q u i r e  a  r e a l i s t i c ,  mechanis t ic  b i o l o g i c a l  model a s  one of i t s  
components. 
4. The low background l e v e l s  observed a t  b o t h  f i l t r a t i o n  p l a n t s  i n d i c a t e  
i 
t h a t  p o l l u t a n t  e p i s o d e s  can  b e  modeled, e s p e c i a l l y  f o r  e f f l u e n t  d i s c h a r g e  
moni to r ing  and c o n t r o l  purposes ,  w i t h o u t  d e t a i l e d  knowledge of i n i t i a l  con- 
c e n t r a t i o n s .  Recent w a t e r  i n t a k e  d a t a  i n d i c a t e s  no e p i s o d e s  a p p a r e n t l y  
caused by p o l l u t a n t s  e n t e r i n g  t h e  Chicago a r e a  from t h e  n o r t h .  The i n d i c a -  
t o r s  s e e n  (NH3 - N  and c o l i f o r m )  decay r a p i d l y  compared w i t h  t h e  t i m e  ( a t  
l e a s t  a week) r e q u i r e d  f o r  a d v e c t i v e  t r a n s p o r t  from d i s t a n t  s o u r c e s .  Thus, 
a p p a r e n t l y ,  o n l y  l o c a l  s o u r c e s  ( i n c l u d i n g ,  of c o u r s e ,  t h e  l a k e  bottom) need 
b e  c o n s i d e r e d  i n  modeling t h e  t r a n s i e n t  e p i s o d e s  observed ,  and i n  moni to r ing  
e f f o r t s  r e l a t e d  t o  such  models.  S p e c i f i c a l l y ,  i t  seems v e r y  r e a s o n a b l e  t o  
assume t h a t  ammonia and c o l i f o r m  d i s c h a r g e d  o u t s i d e  t h e  Chicago-Calumet Har- 
bor  a r e a  would decay t o  sub-background l e v e l s  b e f o r e  r e a c h i n g  t h a t  a r e a  i n  
measurab le  amounts. I n  any s i m u l a t i o n  of t h e  long-term b u i l d u p  of longer -  
l i v e d  p o l l u t a n t s ,  however, c o n s i d e r a t i o n  of d i s t a n t  s o u r c e s  would b e  nec- 
e s s a r y .  
5. It seems c l e a r ,  then ,  t h a t  t h e  t y p e  of "bad wate r"  e p i s o d e s  observed,  
r e p r e s e n t i n g  t h e  h i g h e s t  p o l l u t a n t  l e v e l s  s e e n  i n  t h e  a r e a ,  may b e  modeled 
q u i t e  e f f i c i e n t l y  w i t h  a model hav ing  v e r y  h igh  r e s o l u t i o n  i n  on ly  t h e  a r e a  
of immediate i n t e r e s t  and i n c l u d i n g  o n l y  l o c a l  s o u r c e s ,  p rov ided  such a 
model can b e  c a l i b r a t e d  w i t h  d a t a  on t h e  same s c a l e .  For s p e c i a l i z e d  pur- 
p o s e s ,  a c o n s e r v a t i v e - p o l l u t a n t  e p i s o d e  model, w i t h  s i m p l e  decay mechanisms 
f o r  non-conserva t ive  s u b s t a n c e s ,  might  p r o v i d e  s u f f i c i e n t  i n s i g h t  and pre-  
d i c t i v e  c a p a c i t y  f o r  w a t e r - q u a l i t y  management p ruposes .  By i n d i c a t i n g  t h e  
l i k e l y  p a t t e r n s  of d i s p e r s i o n  from a g i v e n  s o u r c e ,  s u c h  a  model might b e  of 
g r e a t  u s e  i n  p l a n n i n g  s u r v e i l l a n c e  a c t i v i t i e s  such as c u r r e n t  and water-  
q u a l i t y  measurement programs. 
6 .  A d e t a i l e d  n e a r s h o r e  e p i s o d e  model [ i n c l u d i n g  v e r t i c a l  t r a n s p o r t s  ( e .g . ,  
Simons 1972, 1973a,  L e e n d e r t s e ,  e t  a 1 1 9 7 3 ,  Benne t t  1974b, L ick ,  P a u l ,  and 
Sheng 1375, Sheng and L i c k  1975) and t r a n s p o r t  from bottom sed iments  ( e . g . ,  
Moore and S i l v e r  1973) l  would c o n t r i b u t e  t o  u n d e r s t a n d i n g  more complex pro- 
c e s s e s  i n  t h e  G r e a t  Lakes.  I n  a n  a q u a t i c  ecosystem s i m u l a t i o n ,  i t  would 
p r o v i d e  a means of d e s c r i b i n g  n u t r i e n t  t r a n s p o r t  from s h o r e  s o u r c e s  ( r i v e r s ,  
c a n a l s ,  i n d u s t r i a l  plumes, h a r b o r  mouths, e t c . )  t o  t h e  open w a t e r s  of t h e  
l a k e ,  t h u s  p r o v i d i n g  a l i n k  between e x i s t i n g  s o u r c e  ( s t ream,  plume, e s t u a r y )  
models and whole l a k e  models. Such n e a r s h o r e  t r a n s p o r t  mechanisms, between 
zones w i t h  g r e a t l y  d i f f e r i n g  d e p t h ,  l i g h t ,  a n d / o r  t empera tu re  regimes,  can  
o n l y  b e  guessed i n  many c a s e s  from e x i s t i n g  Lake Michigan e x p e r i m e n t a l  
s t u d i e s  (e .g . ,  Snow 1974) .  I n  a d d i t i o n ,  a  n e a r s h o r e  model would b e  v a l u a b l e  
i n  s t u d y i n g  n e a r s h o r e  c u r r e n t s  themselves ,  e s p e c i a l l y  a s  r e l a t e d  t o  e x i s t i n g  
and proposed l a k e f r o n t  development ( e . g . ,  t h e  L a k e f r o n t  P l a n  of Chicago 1972) .  
It h a s  been determined (Appendix B) t h a t  deve lop ing  a h i g h - r e s o l u t i o n ,  
mul t ip le -g r id - spac ing  v e r s i o n  of t h e  Simons model, w i t h  more e l a b o r a t e  t r e a t -  
ment of model parameter  v a r ? a t i o n s ,  o f f e r s  a  d i r e c t ,  a t t r a c t i v e  means of 
performing p r a c t i c a l  n e a r s h o r e  s i m u l a t i o n s ;  development of such  a model is 
i n  p r o g r e s s .  
7. For  t h i s  o r  any o t h e r  e p i s o d e  model t o  b e  of g r e a t  u s e ,  v e r i f i c a t i o n  
would n e c e s s a r i l y  b e  r e q u i r e d .  Meaningful v e r i f i c a t i o n  would r e q u i r e  f r e -  
quen t  o r  c o n t i n u o u s  moni to r ing  of e f f l u e n t  d i s c h a r g e s  and t h e i r  e f f e c t s  o v e r  
a p e r i o d  of months. Continuous measurements, p r e s e n t l y  u n a v a i l a b l e  f o r  such 
s o u r c e s  as t h e  I n d i a n a  Harbor Canal,  o f f e r  t h e  o n l y  means of gauging a c t u a l  
t r a n s i e n t  p o l l u t a n t  l o a d i n g s  of Lake Michigan. I n f r e q u e n t  measurements can 
m i s s  e f f l u e n t  "s lugs"  d i s c h a r g e d ,  t h u s  g r o s s l y  u n d e r e s t i m a t i n g  l o a d i n g s  and 
making v e r i f i c a t i o n  of any model d i f f i c u l t  ( i f  n o t  i m p o s s i b l e ) .  
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APPENDIX A 
REQUIREMENTS FOR A NEARSHORE MODEL 
Most obv ious ly ,  a n e a r s h o r e  c i r c u l a t i o n  model must have h i g h  s p a t i a l  
and temporal  r e s o l u t i o n  i f  i t  is  t o  s i m u l a t e  complex t r a n s i e n t  behav ior .  
S t rong  c o a s t a l  c u r r e n t s  less t h a n  1 km wide have been observed i n  Lake 
O n t a r i o  (Csanady and S c o t t  1974) ,  f o r  example. Simply u s i n g  a  f i n e r  g r i d  
and s m a l l e r  t ime-s teps ,  however, p robab ly  w i l l  n o t  a l l o w  e x i s t i n g  models t o  
r e p r e s e n t  n e a r s h o r e  behav ior  w e l l .  Nonl inear  e f f e c t s  thought  t o  b e  observed 
n e a r s h o r e  (Csanady 1972, 1974) a r e  unimportant  i n  l a r g e - s c a l e  models (due t o  
low Rossby numbers (Simons 1972, 1973a,  1974, Benne t t  1 9 7 4 a ) ) ;  t h e s e  convec- 
t i v e  momentum t r a n s p o r t s  must be  i n c l u d e d  c a r e f u l l y  i n  n e a r s h o r e  models. 
Changes i n  a p p a r e n t  eddy v i s c o s i t i e s  and d i f f u s i v i t i e s  ( e s p e c i a l l y  i n  t h e  
v e r t i c a l )  have g r e a t  e f f e c t s  on i n t e r n a l  model behav ior  (Simons 1973b, 1974, 
v 
Benne t t  1974a, b ) ;  t h e  s imple  e m p i r i c a l  r e l a t i o n s h i p s  used f o r  such  q u a n t i -  
t i e s  cannot  r e p r e s e n t  l o c a l  changes  i n  t h e s e  pa ramete rs  a c c u r a t e l y .  Although 
t h e  e n t i r e  concep t  of r e p r e s e n t i n g  s m a l l - s c a l e  t u r b u l e n c e  by a p p a r e n t  d i f -  
f u s i v i t i e s  and v i s c o s i t i e s  is  i n h e r e n t l y  i n c o r r e c t  (Neumann and P i e r s o n  1966) ,  
s l i g h t l y  more e l a b o r a t e  e m p i r i c a l  f o r m u l a t i o n s ,  pe rhaps  employing a t h r e e -  
d imens iona l  "mixing-length" f o r m u l a t i o n  (Boer icke and H a l l  1974, G o l d s t e i n  
1938) might  a l l o w  more r e a l i s t i c  t r e a t m e n t  of observed t u r b u l e n t  behav ior .  
S i n c e  r e a l i s t i c a l l y - v a r y i n g  v i s c o s i t i e s  and d i f f u s i v i t i e s  shou ld  b e  used,  and 
s i n c e  t r a n s i e n t  behav ior  i s  of g r e a t  importance,  a  numer ica l  model shou ld  b e  
c a p a b l e  of runn ing  w i t h o u t  t h e  i m p o s i t i o n  of a n  a r t i f i c i a l  h o r i z o n t a l  v i s -  
c o s i t y  f o r  "smoothing" of numer ica l  anomal ies .  Even more impor tan t  t h a n  
eddy-d i spers ion  paramete rs ,  t h e  wind and bottom stresses, which l a r g e l y  govern 
o v e r a l l  v e r t i c a l l y - i n t e g r a t e d  t r a n s p o r t s ,  should  b e  fo rmula ted  r e a l i s t i c a l l y .  
Q u a d r a t i c  stress laws commonly used (Simons 1972, 1973a, Benne t t  1974a,  b y  
Haq, Lick,  and Sheng 1974, Wilson 1960) a r e  c l e a r l y  i n c a p a b l e  of r e p r e s e n t i n g  
energy t r a n s f e r  a t  boundar ies  c o r r e c t l y  (Bennet t  1975) when c o n s t a n t  c o e f f i -  
c i e n t s  a r e  used.  More a c c u r a t e  r e p r e s e n t a t i o n s  of t h e s e  s t r e s s e s ,  p robab ly  
e m p i r i c a l  r e l a t i o n s  ( e . g . ,  Hsu 1974) ,  shou ld  b e  i n c o r p o r a t e d .  
Many models f o r  n e a r s h o r e  behav ior  i n  i d e a l i z e d  b a s i n s  have been devel-  
oped ( e . g . ,  B i r c h f i e l d  1972, 1973, Blumsack 1972, Csanady 1974, Csanady and 
S c o t t  1974, Benne t t  1974a,  Pedlosky 1974) .  While t h e s e  models cannot  accu- 
r a t e l y  r e p r e s e n t  c o n d i t i o n s  i n  a c t u a l  l a k e s ,  t h e y  c a n  p rov ide  much i n s i g h t  
i n t o  t h e  r e l a t i v e  importance of v a r i o u s  p r o c e s s e s  i n  d e t e r m i n i n g  n e a r s h o r e  
c i r c u l a t i o n s .  B a r o c l i n i c  e f f e c t s  a r e  c l e a r l y  impor tan t  ( e . g . ,  Csanady and 
S c o t t  1974) ;  t empera tu re  changes and t h e i r  r e s u l t i n g  d e n s i t y  f i e l d s  must b e  
i n c l u d e d  i n  any g e n e r a l  n e a r s h o r e  model. Wind se t -up and i t s  r e s u l t i n g  f low 
must a l s o  be  c o n s i d e r e d  (Haq, L ick ,  and Sheng 1974);  a n e a r s h o r e  model should  
i n c l u d e  t h e  whole l a k e ,  a l t h o u g h  w i t h o u t  h i g h  r e s o l u t i o n  o u t s i d e  of a r e a s  of 
p a r t i c u l a r  i n t e r e s t .  
Loca l  r i v e r  and s t r e a m  i n p u t s  should  be  t r e a t e d  a c c u r a t e l y  i n  a  near -  
s h o r e  model t o  b e  used f o r  p o l l u t a n t - d i s p e r s i o n  s t u d i e s .  The r o l e  of buoyant 
o r  s i n k i n g  plumes i n  e s t a b l i s h i n g  t h e  v e r t i c a l  d i s t r i b u t i o n  of a  s u b s t a n c e  
n e a r  i t s  s o u r c e  can b e  ve ry  i m p o r t a n t  (Lick,  P a u l ,  and Sheng 1975, Snow 1974) .  
S p a t i a l l y - d e t a i l e d  f i e l d s  of wind and s u r f a c e  p r e s s u r e  w i l l  probably  b e  
r e q u i r e d  f o r  a c c u r a t e  n e a r s h o r e  s i m u l a t i o n s ,  and e s p e c i a l l y  f o r  t h e  s imula-  
t i o n  of s torm-dr iven e p i s o d e s .  Near ly  uniform wind f i e l d s  which o f t e n  a r e  
s a t i s f a c t o r y  f o r  l a r g e - s c a l e  s t u d i e s  ( J . R .  Benne t t ,  p e r s o n a l  communication), 
a r e  p robab ly  of l i t t l e  v a l u e  f o r  l o c a l i z e d  s t u d i e s .  
I n  sha l low n e a r s h o r e  zones,  bottom topography can  have l a r g e  e f f e c t s  on 
t h e  e n t i r e  c i r c u l a t i o n ;  a c c u r a t e ,  f ine ly -spaced  bottom d a t a  would b e  essen-  
t i a l  t o  any s u c c e s s f u l  n e a r s h o r e  modeling a t t e m p t .  
APPENDIX B 
EXISTING THREE-DIMENSIONAL MODELING CAPABILITIES 
The e q u a t i o n s  governing t h e  mot ions  of a l a r g e  f resh-wate r  l a k e  may b e  
w r i t t e n  (g iven  t h e  customary h y d r o s t a t i c  and Boussinesq approx imat ions )  as 
f o l l o w s  : 
1. A v e c t o r  momentum e q u a t i o n  t o  b e  s o l v e d  f o r  h o r i z o n t a l  v e l o c i t y  
components. 
2 .  An e q u a t i o n  of m a s s  c o n s e r v a t i o n ,  which may b e  s o l v e d  f o r  v e r t i c a l  
v e l o c i t i e s  and f r e e - s u r f a c e  d i sp lacements .  
3. A h e a t - t r a n s p o r t  e q u a t i o n  which may b e  s o l v e d  f o r  a t empera tu re  
d i s t r i b u t i o n  i n  space.  
4 .  An e q u a t i o n  of s t a t e  r e l a t i n g  t empera tu re  and d e n s i t y  ( u s u a l l y  a  
q u a d r a t i c  approx imat ion) .  
These b a s i c  e q u a t i o n s  may b e  so lved  i n  many ways, and each  method of 
s o l u t i o n  h a s  i t s  own advan tages  and drawbacks i n  any g i v e n  a p p l i c a t i o n .  Some 
e x i s t i n g  "s ta te -o f - the -a r t "  mode.1~ r e p r e s e n t i n g  a v a r i e t y  of methods w i l l  b e  
d e s c r i b e d  h e r e  and d i s c u s s e d  i n  r e l a t i o n  t o  t h e i r  a p p l i c a b i l i t y  t o  t r a n s i e n t  
n e a r s h o r e  phenomena. 
The Leendertse-Alexander-Liu Model 
One of t h e  s i m p l e s t  and most s t r a i g h t f o r w a r d  th ree -d imens iona l  hydro- 
dynamic models i n  u s e  is t h a t  developed by J.J. L e e n d e r t s e ,  R . C .  Alexander ,  
and S.K. L i u  of Rand Corpora t ion  (Leender t se ,  e t  a1 1973) .  I n  t h i s  model, 
a b a s i n  i s  d i v i d e d  v e r t i c a l l y  i n t o  a number of l a y e r s  w i t h  r i g i d ,  permeable 
b o u n d a r i e s  (excep t  a t  t h e  f r e e  s u r f a c e ) ,  and t h e  e q u a t i o n s  a p p l i c a b l e  a r e  
v e r t i c a l l y  i n t e g r a t e d  w i t h i n  each  l a y e r .  The model i n c l u d e s  h o r i z o n t a l  and 
v e r t i c a l  d i f f u s i o n  and a d v e c t i o n  of momentum and s a l i n i t y  ( a s  p u b l i s h e d ,  
t h i s  model c o n s i d e r s  d e n s i t y  v a r i a t i o n s  due t o  s a l i n i t y  on ly ;  f o r  a p p l i c a t i o n  
t o  a body of f r e s h  wa t e r ,  s a l i n i t y  cou ld  s imply be r ep l aced  by tempera ture  
and t h e  equa t ion  of s t a t e  changed). Within each l a y e r ,  a  s i n g l e  Richardson 
l a t t i c e  i s  used (only t h e  normal h o r i z o n t a l  v e l o c i t y  component a t  each s i d e  
of each r e c t a n g u l a r  c e l l  i s  computed; v e r t i c a l  v e l o c i t i e s ,  s u r f a c e  d i sp l ace -  
ments, and s a l i n i t y  a r e  computed a t  c e l l  c e n t e r s ,  a s  viewed from above).  
The absence of two Ca r t e s i an  v e l o c i t y  components a t  each " v e l o c i t y  point1'  i n  
t h e  h o r i z o n t a l  n e c e s s i t a t e s  cons ide r ab l e  i n t e r p o l a t i o n  i n  e v a l u a t i o n  of 
C o r i o l i s  and momentum-advection terms. The model is  complete ly  e x p l i c i t ,  
w i t h  " leapfrog" cen t e r ed  t ime-d i f fe rences  used f o r  a l l  b u t  t h e  d i f f u s i o n  
terms,  which a r e  foward-differenced f o r  s t a b i l i t y .  The d i r e c t  i n c l u s i o n  of 
t h e  f r e e  s u r f a c e  i n  t h i s  model makes t h e  maximum a l l owab le  t ime-s tep ve ry  
s m a l l  f o r  s t a b i l i t y .  The sma l l  t ime-s tep r equ i r ed  i s  t h i s  model ' s  g r e a t e s t  
drawback. 
Constant  h o r i z o n t a l  eddy v i s c o s i t i e s  and d i f f u s i v i t i e s  a r e  used; v e r t i -  
c a l  momentum t r a n s f e r  by d i f f u s i o n  i s  made p r o p o r t i o n a l  t o  q u a d r a t i c  expres-  
s i o n s  f o r  i n t e r - l a y e r  s t r e s s e s .  Quadra t ic  wind-s t ress  and bo t t om- f r i c t i on  
laws a r e  imposed, as i s  a  no-s l ip  cond i t i on  a t  t h e  s i d e s  of each l a y e r .  
A s  de sc r i bed  i n  t h e  publ i shed  r e p o r t  c i t e d ,  t h i s  model does  no t  a l l ow  
f o r  l a y e r s  w i th  non-constant dep ths ;  i n  t h i s  form, t h e  model cannot t r e a t  a 
r e a l i s t i c  l a k e  bottom. 
The u s e  of c en t e r ed  t ime-d i f fe rences  h e r e  r e q u i r e s  t h a t  two t ime- leve l s  
of v a r i a b l e s  must b e  s t o r e d  a t  a l l  t imes ,  a lmost  doubl ing t h e  s t o r a g e  re-  
qu i r ed  by some o t h e r  schemes which a r e  a l s o  s t a b l e  (e .g . ,  Platzman 1972).  
The t ime-d i f fe renc ing  method used h e r e  i s  s t a b l e  i f  t h e  C o r i o l i s  terms 
a r e  n o t  inc luded ;  t h e s e  terms might cause t h e  appearance of spu r ious  compu- 
t a t i o n a l  modes i f  no v i s c o s i t y  i s  in t roduced  ( J . R .  Benne t t ,  p e r sona l  communi- 
c a t i o n )  . 
T h i s  model has  been t e s t e d  by comparison w i t h  a n  a n a l y t i c a l  s o l u t i o n  
f o r  a r e c t a n g u l a r  b a s i n  and by s p e c t r a l  t echn iques ,  and a p p e a r s  t o  r e p r e -  
s e n t  t h e  t h e o r e t i c a l  dynamics w e l l  i n  i d e a l i z e d  c a s e s .  T e s t s  have a l s o  
been r u n  w i t h  a "Lake Michigan-like" c l o s e d  b a s i n .  
The model cons idered  h e r e  h a s  some a t t r a c t i v e  f e a t u r e s  f o r  n e a r s h o r e  
a d a p t a t i o n s ;  a l l  of t h e  n o n l i n e a r  terms a r e  i n c l u d e d ,  and t h e  s i n g l e  
Richardson l a t t i c e s  used would s i m p l i f y  t r e a t m e n t  of boundar ies  ( e s p e c i a l l y  
between g r i d s  of d i f f e r e n t  s i z e s ) .  The l a c k  of e f f i c i e n c y  caused by t h e  
pe rhaps  o v e r l y  d i r e c t  numerical  approach i s  t h e  g r e a t e s t  a p p a r e n t  d e f e c t  i n  
t h i s  model, a p a r t  from t h e  obvious  (and p robab ly  e a s i l y  remedied) i n a b i l i t y  
t o  r e s o l v e  r e a l i s t i c  bottom topography. 
The Simons Model 
The c i r c u l a t i o n  model developed by T . J .  Simons a t  t h e  Canada Cent re  f o r  
I n l a n d  Waters (Simons 1972, 1973a, b ,  1974) i s  a f r e e - s u r f a c e  model which 
a v o i d s  much of t h e  computa t iona l  expense imposed by t h e  f r e e  s u r f a c e  i n  t h e  
Leendertse-Alexander-Liu model. Computational e f f i c i e n c y  is o b t a i n e d  by 
e l i m i n a t i o n  of f r e e - s u r f a c e  terms from t h e  e q u a t i o n s  f o r  i n t e r n a l  f low. Ver- 
t i c a l  s t r u c t u r e  i s  a g a i n  i n c o r p o r a t e d  by d i v i d i n g  a l a k e  i n t o  a number of 
l a y e r s  w i t h  r i g i d ,  permeable boundar ies ,  w i t h  v e r t i c a l l y - i n t e g r a t e d  e q u a t i o n s  
a p p l i e d  w i t h i n  each  l a y e r .  However, i n s t e a d  of d i r e c t l y  s o l v i n g  t h e  l a y e r  
momentum e q u a t i o n s  f o r  l a y e r  t r a n s p o r t s ,  Simons r e f o r m u l a t e d  t h e s e  e q u a t i o n s  
i n t o  one e q u a t i o n  f o r  t h e  t o t a l  i n t e g r a t e d  t r a n s p o r t s  i n  t h e  l a k e  and a  s e t  
of shear-f low e q u a t i o n s  f o r  t h e  v e l o c i t y  d i f f e r e n c e s  between t h e  l a y e r  mid- 
p o i n t s .  Forming t h e  shear-f low e q u a t i o n s  removes t h e  s u r f a c e - p r e s s u r e -  
g r a d i e n t  terms from t h e  i n t e r n a l - f l o w  computat ions .  The f r e e  s u r f a c e  i s  
a l lowed t o  a c t  on t h e  i n t e r n a l  f low,  however, because  t h e  t o t a l  t r a n s p o r t s  
g e n e r a t e d  by t h e  v e r t i c a l l y - i n t e g r a t e d  c a l c u l a t i o n s  are used i n  u p d a t i n g  t h e  
i n t e r n a l  f low. The i n t e r n a l  f low i s  a l s o  used i n  upda t ing  t h e  i n t e g r a t e d  
t r a n s p o r t s .  Thus, on ly  t h e  o v e r a l l  t r a n s p o r t s  need b e  c a l c u l a t e d  u s i n g  a  
s h o r t  t ime-s tep,  and a  much l a r g e r  t ime  s t e p  l i k e  t h a t  a l lowed i n  a  r i g i d -  
l i d  model may be used f o r  a l l  o t h e r  computat ions .  
O v e r a l l  i n t e g r a t e d  t r a n s p o r t s  and i n t e r n a l  v e l o c i t y  s h e a r s  a r e  con- 
v e r t e d  i n t o  i n d i v i d u a l  l a y e r  t r a n s p o r t s  a t  each i n t e r n a l  ( long)  t ime-s tep.  
These t r a n s p o r t s  a r e  then  used t o  p r e d i c t  t h e  a d v e c t i o n  of t empera tu re  and 
re-conver ted t o  o v e r a l l  t r a n s p o r t s  and v e l o c i t y  s h e a r s .  The computat ions  
r e q u i r e d  t o  r e p e a t e d l y  c o n v e r t  o v e r a l l  t r a n s p o r t s  and s h e a r  f lows  t o  l a y e r  
t r a n s p o r t s  and back a g a i n  a r e  f a i r l y  c o s t l y  i n  computer t ime. 
The v e r t i c a l l y - i n t e g r a t e d  t r a n s p o r t s  computed r e p r e s e n t  t h e  b a r o t r o p i r  
component of a  l a k e ' s  c i r c u l a t i o n ;  t h e  i n t e r n a l  computat ions  r e p r e s e n t  
mainly  t h e  b a r o c l i n i c  component (Charney 1955, quoted by Simons 1973a, 1974) .  
I n  t h e  h o r i z o n t a l ,  computat ions  a r e  performed on two over lapp ing  
Richardson l a t t i c e s  r o t a t e d  45 degrees  w i t h  r e s p e c t  t o  a  t h i r d  l a t t i c e  used 
f o r  d i f f u s i o n .  T h i s  ar rangement ,  w h i l e  i t  compl ica tes  t h e  t r e a t m e n t  of 
boundar ies ,  a l l o w s  t h e  computation of two components of v e l o c i t y  a t  each 
h o r i z o n t a l  " v e l o c i t y  po in t " .  Thus, t h e  C o r i o l i s  terms may b e  e v a l u a t e d  d i -  
r e c t l y  w i t h o u t  s p a c e  i n t e r p o l a t i o n ,  e l i m i n a t i n g  p o s s i b l e  computa t iona l  modes 
a s s o c i a t e d  w i t h  space-averaging ( J . R .  Benne t t ,  p e r s o n a l  communication) wi th-  
o u t  t h e  i n t r o d u c t i o n  of a n  a r t i f i c i a l  v i sc .os i ty .  An a r t i f i c i a l  h o r i z o n t a l  
v i s c o s i t y  - i s  r e q u i r e d ,  however, t o  p reven t  " g r i d  d i s p e r s i o n "  (d ivergence  i n  
t ime  of t h e  s o l u t i o n s  f o r  t h e  two o v e r l a p p i n g  v e l o c i t y  l a t t i c e s )  i n  t h e  
e x i s t i n g  form of t h e  model. 
H o r i z o n t a l  and v e r t i c a l  d i f f u s i o n  of momentum and tempera tu re  a r e  in -  
c luded;  a d v e c t i o n  of momentum i s  n e g l e c t e d ,  due t o  i t s  r e l a t i v e  unimportance 
on t h e  l a r g e  s c a l e s  c o n s i d e r e d .  H o r i z o n t a l  and v e r t i c a l  a d v e c t i o n  of temper- 
a t u r e  a r e  s i m u l a t e d .  
The momentum e q u a t i o n s  a r e  t ime-d i f fe renced  i n  such a way t h a t  new 
v e l o c i t y  v a l u e s  r e p l a c e  o l d  v a l u e s  a s  soon as they  a r e  determined;  t h i s  
method, w h i l e  s t a b l e ,  r e q u i r e s  t h e  s t o r a g e  of o n l y  one s e t  of v a l u e s  f o r  
each v a r i a b l e .  Forward d i f f e r e n c e s  a r e  used f o r  d i f f u s i v e - f r i c t i o n  terms,  
and a Lax-Wendroff scheme i s  used f o r  t empera tu re  a d v e c t i o n ,  f o r  s t a b i l i t y .  
Q u a d r a t i c  bottom-and-wind-stress f o r m u l a t i o n s  a r e  used.  Constant  
h o r i z o n t a l  v i s c o s i t i e s  and d i f f u s i v i t i e s  a r e  used throughout ;  v e r t i c a l  d i f -  
f u s i v i t i e s  a r e  r e l a t e d  t o  time-averaged wind s t r e s s e s  and s t a t i c  the rmal  
s t a b i l i t y  . 
Each l a y e r  may have a v a r y i n g  dep th ;  r e a l i s t i c  bottom topography may b e  
t r e a t e d  d i r e c t l y  and e a s i l y .  
The Simons model was o r i g i n a l l y  developed f o r  u s e  w i t h  d a t a  t aken  on 
Lake O n t a r i o  d u r i n g  t h e  I n t e r n a t i o n a l  F i e l d  Year f o r  t h e  Grea t  Lakes (IFYGL); 
i t  h a s  been e x t e n s i v e l y  compared w i t h  such d a t a ,  and h a s  been v e r i f i e d  q u i t e  
s u c c e s s f u l l y  f o r  most of t h e  y e a r  (Simons 1973b, 1974) .  During e p i s o d e s  i n  
which l a r g e - s c a l e  shore-bound waves a r e  predominant (Csanady and S c o t t  19741, 
t h i s  model e x h i b i t s  e x c e s s i v e  damping, pe rhaps  p a r t l y  because  of e x c e s s i v e  
h o r i z o n t a l  v i s c o s i t y ,  and p a r t l y  because  of i n s u f f i c i e n t  n e a r s h o r e  r e s o l u t i o n  
(Benne t t  1975) .  No o t h e r  model h a s  been t h e  s u b j e c t  of suc.h i n t e n s i v e  com- 
p a r i s o n  w i t h  o b s e r v a t i o n s ,  and much h a s  been l e a r n e d  abou t  c a l i b r a t i n g  t h i s  
model f o r  d i f f e r e n t  a p p l i c a t i o n s .  
The Simons model h a s  been used s u c c e s s f u l l y  i n  long-term l a r g e - s c a l e  
c o n s e r v a t i v e - p o l l u t a n t  d i s p e r s i o n  s t u d i e s  on Lake E r i e  (Lam and Simons 1974, 
Lam, J a q u e t ,  and Burns 1975) .  
The Simons model h a s  a number of advan tages  f o r  n e a r s h o r e  a d a p t a t i o n ;  
t h e  f r e e  s u r f a c e  is i n c l u d e d  e f f i c i e n t l y  and t h e  m u l t i p l e  l a t t i c e s  used would 
f a c i l i t a t e  t h e  i n c l u s i o n  of momentum a d v e c t i o n  t e rms .  These l a t t i c e s  would, 
however, compl ica te  t h e  matching of c o a r s e  and f i n e  g r i d s  i n  a m u l t i p l e - g r i d -  
size model. The use of 45-degree-rotated lattices might, however, allow the 
easy treatment of diagonal boundaries. 
The Bennett Model 
The Simons model was developed as part of the Canadian contribution to 
the IFYGL effort; its U.S. counterpart was developed by J.R.. Bennett, then 
with NOAA. The Bennett model (Bennett l974b, 1975) is a rigid-lid model 
using a vorticity equation for the vertically-integrated circulation to treat 
the effects of surface pressure. 
Vertically-integrated layer equations are not used; three-dimensional 
equations are solved directly for velocity and temperature fields. A vortic- 
ity equation obtained from the (scalar) momentum equations is used to obtain 
a stream function for the vertically-integrated flow, and this stream function 
is used to correct preliminary predictions of internal velocities at each 
time-step to ensure truly non-divergent flow. 
At each vertical level, a single Richardson lattice is used. Again, 
this approach makes treatment of boundaries simple while necessitating space- 
interpolation in evaluation of Coriolis and momentum-advection terms. 
Time-differencing of the horizontal momentum equations is accomplished 
through an explicit scheme which involves immediate replacement of old values 
by new values as soon as they are determined, thus reducing the storage re- 
quirements. This differencing scheme is similar to the scheme described by 
Platzman (1972). Temperature advection is treated with an Adams-Bashforth 
(Haltiner 1971, Carnahan, et a1 1969) scheme (requiring the storage of tem- 
perature fields at two time-levels) and vertical temperature diffusion is 
treated using forward time-differences. The elliptic vorticity equation is 
solved by using DuFort-Frankel over-relaxation (Carnahan, et a1 1969). 
Quadratic bottom-and-wind-stress formulations are used, with constant 
coefficients. A constant, fairly high horizontal eddy viscosity is used; 
this viscosity is required to suppress computational modes arising from the 
four-point velocity averages used to evaluate Coriolis terms. Vertical 
viscosities and diffusivities are related empirically to local wind stresses 
and Richardson numbers (and, thus, to static thermal stability and velocity 
shear). 
Nonlinear momentum-advection terms are not presently included because 
they were found to be negligible in a large-scale Lake Ontario model; hori- 
zontal temperature diffusion is similarly neglected. The terms omitted could 
be added in a straightforward manner similar to that of Leendertse, et a1 
(1973), who used a similar lattice structure. 
Realistic bottom topography may be included directly. 
Surface displacements may be obtained from the vorticity calculations 
performed. 
The Bennett model has been compared with IFYGL observations and with 
the Simons model. Except for realistic treatment of free-surface dynamics, 
the Bennett model produces results essentiall-y equivalent to Simons' (Bennett 
1975) and can provide much better vertical resolution (more levels) than 
Simons' model, using far less computer time (due to rigid-lid simplifications). 
This model exhibits similar defects in reproducing certain wave motions as 
does Simons' (Bennett 1975); tests using a finer grid are being run to deter- 
mine the importance of grid size in this problem. 
The Bennett model seems to be one of the best, computationally, for 
simulating long-term lake-wide motions economically. 
For nearshore applications, however, Bennett's model is greatly limited 
by its rigid-lid formulation. The need for an artificially high viscosity 
to suppress computational modes would also have to be eliminated. 
The Case Western Reserve Models 
A number of i n t e r e s t i n g  models have been developed by i n d i v i d u a l s  work- 
i n g  w i t h  W . J .  L ick  i n  t h e  Department of E a r t h  Sc iences ,  Case Western Reserve 
U n i v e r s i t y .  Included a r e  models w i t h  v a r i a b l e  and c o n s t a n t  d e n s i t i e s ,  f r e e  
s u r f a c e s  and r i g i d  l i d s ,  and m u l t i p l e  g r i d  s i z e s  (Lick,  Pau l ,  and Sheng 1975, 
Sheng and Lick 1975, Haq, L i c k  and Sheng 1974, P a u l  and Lick 1973, 1974) ,  
which have been a p p l i e d  most ly  t o  Lake E r i e .  The v a r i a b l e - d e n s i t y  models 
have r i g i d  l i d s ;  t w o  w h i c h  have been a p p l i e d  t o  n e a r s h o r e  boundary r e g i o n s  
w i l l  b e  cons idered  h e r e .  
Y.P. Sheng h a s  s t u d i e d  n e a r s h o r e  c u r r e n t s  and t h e  d i s p e r s i o n  of s e t t l i n g  
and n o n - s e t t l i n g  m a t e r i a l s  i n  Cleveland Harbor (Sheng and L ick  1975).  While 
t h e  r e s u l t s  p r e s e n t e d  t o  d a t e  have concerned s t e a d y - s t a t e  c i r c u l a t i o n s ,  espe- 
c i a l l y  a s  r e l a t e d  t o  proposed o f f s h o r e  c o n s t r u c t i o n ,  t h e  model i t s e l f  a l l o w s  
t h e  t r e a t m e n t  of t ime-varying n e a r s h o r e  p r o c e s s e s  on a s e t  of r e c t a n g u l a r  
g r i d s  w i t h  v a r i e d  i n t e r n a l  s p a c i n g s .  A l l  n o n l i n e a r  terms have been i n c l u d e d  
and s t a b i l i t y  t e s t i n g  h a s  been performed (Y.P. Sheng, p e r s o n a l  communication). 
J . F .  Pau l  h a s  developed and v e r i f i e d  a model f o r  thermal  and r i v e r  d i s -  
charges  i n t o  l a r g e  b o d i e s  of wa te r  (Pau l  and Lick 1973, 1974) ;  t h i s  h a s  been 
expanded i n t o  a va r iab le -gr id - spac ing  whole-lake model w i t h  h i g h  r e s o l u t i o n  
n e a r  s h o r e  ( J .F .  P a u l ,  p e r s o n a l  communication). T h i s  model, which a l l o w s  f o r  
s p e c i a l  t r e a t m e n t  of r i v e r  and harbor  mouths, h a s  a l s o  been used most ly  f o r  
s t e a d y - s t a t e  s i m u l a t i o n s ,  a l t h o u g h  i t ,  t o o ,  i s  b a s i c - a l l y  a t ime-varying model. 
A v e r s i o n  of t h i s  model is be ing  used f o r  whole-lake s t u d i e s  of Lake E r i e  by 
R.T. Gedney a t  NASA's Lewis Research Center  i n  Cleveland.  
The Sheng and P a u l  models a r e  s i m i l a r  i n  most impor tan t  numerical  de- 
t a i l s .  They a r e  b o t h  three-dimensional  models w i t h  " s t r e t c h e d "  co-ord ina tes  
i n  t h e  v e r t i c a l  such t h a t  t h e  same number of l a y e r s  i s  p r e s e n t  a t  each h o r i -  
z o n t a l  g r i d  p o i n t ,  w i t h  r e s u l t i n g  g r e a t e r  r e s o l u t i o n  i n  sha l low w a t e r .  Sur- 
f a c e  p r e s s u r e  is  t r e a t e d  by forming a v e r t i c a l l y - i n t e g r a t e d  Po isson  e q u a t i o n .  
The p r e s s u r e s  o b t a i n e d  from t h i s  e q u a t i o n  can,  of c o u r s e ,  b e  e a s i l y  conver ted  
t o  e q u i v a l e n t  f r e e - s u r f a c e  d i sp lacements .  The P a u l  model i n c o r p o r a t e s  uni-  
formly changing g r i d  spac ing  n e a r  d i s c h a r g e s ;  t h i s  f e a t u r e  is  computa t iona l ly  
c o s t l y .  
Very l i t t l e  v e r i f i c a t i o n  e x i s t s  f o r  t h e  Case Western Reserve models as 
l a k e  models, a l t h o u g h  t h e  P a u l  model h a s  been v e r i f i e d  s u b s t a n t i a l l y  f o r  
thermal  plumes (Lick,  P a u l ,  and Sheng 1975) .  Comparisons w i t h  a c t u a l  d a t a  
from Cleveland Harborwere  scheduled f o r  t h e  summer of 1975 ( W . J .  L ick and 
J . F .  Pau l ,  p e r s o n a l  communication). Throughout, however, l i t t l e  emphasis 
h a s  been p laced  on shor t - t e rm t r a n s i e n t - e p i s o d e  behav ior .  
I n  g e n e r a l ,  then,  w h i l e  t h e  Sheng and P a u l  models p rov ide  v e r y  h i g h  
r e s o l u t i o n  n e a r  s h o r e  and i n c l u d e  a l l  n o n l i n e a r  a d v e c t i v e  t e r m s ,  t h e  assump- 
t i o n  of a r i g i d  l i d  l i m i t s  t h e i r  u s e f u l n e s s  f o r  s t u d i e s  of t r a n s i e n t  behavior  
(Haq, L ick ,  and Sheng 1974).  The u s e  of somewhat i r r e g u l a r  co-ord ina tes  r e -  
s u l t s  i n  i n c r e a s e d  computa t iona l  expense and t r u n c a t i o n  e r r o r s .  I n  a simu- 
l a t i o n  of n e a r s h o r e  c u r r e n t s ,  t h e  shape  of " c o a s t a l  jets" i n  a  model might 
t end  t o  f o l l o w  p a t t e r n s  of s p a t i a l l y - c h a n g i n g  r e s o l u t i o n .  
Sumrnar y  
Among e x i s t i n g  l a k e  models, f r e e - s u r f a c e  models seem t o  have t h e  g r e a t e s t  
p o t e n t i a l  f o r  a c c u r a t e l y  r e p r e s e n t i n g  t r a n s i e n t  c h a r a c t e r i s t i c s  of l a k e  dynam- 
i c s  and shou ld  b e  used where shor t - t e rm responses  t o  w i n d - s t r e s s  impulses  a r e  
t o  b e  s i m u l a t e d  a c c u r a t e l y .  R i g i d - l i d  models seem u s e f u l  l a r g e l y  f o r  t r e a t -  
i n g  long-term phenomena such as lake-wide a d v e c t i v e  p o l l u t a n t  t r a n s p o r t s ;  f o r  
e f f e c t s  w i t h  s u f f i c i e n t l y  long  t i m e  s c a l e s  on which t r a n s i e n t  e f f e c t s  a r e  
unimportant ,  t h e s e  models o f f e r  tremendous s a v i n g s  i n  computer t ime.  
A l l  t h e  e x i s t i n g  models c o n s i d e r e d  h e r e  seem t o  produce s i m i l a r  r e s u l t s  
under s i m i l a r  c o n d i t i o n s ;  t h e y  most l i k e l y  a l l  have some of t h e  same problems 
i n  r e s o l v i n g  lake-wide n e a r s h o r e  wave mot ions .  Each h a s  f e a t u r e s  which sug- 
g e s t  i t s  u s e  f o r  c e r t a i n  s p e c i a l i z e d  a p p l i c a t i o n s .  
For  t h e  purpose  cons idered  h e r e ,  t h e  development of a n e a r s h o r e  model, 
t h e  Simons model seems t o  o f f e r  t h e  g r e a t e s t  l i k e l i h o o d  of s u c c e s s .  T h i s  
model i n c l u d e s ,  o r  can b e  e a s i l y  made t o  i n c l u d e ,  a l l  t h e  phenomena of 
g r e a t e s t  i n t e r e s t ,  w h i l e  s t i l l  b e i n g  more e f f i c i e n t  t h a n  a  s i m p l e r  model (such 
a s  t h e  Leendertse-Alexander-Liu model). Also,  t h e  Simons model h a s  been com- 
pared  e x t e n s i v e l y  w i t h  d a t a ,  and c a l i b r a t i o n  of a  n e a r s h o r e  v e r s i o n  might b e  
s i m p l i f i e d  by u s e  of e x i s t i n g  e m p i r i c a l  t echn iques .  
